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PREFACE 


This book is iotended to serve the purpose of a suitable 
and handy text book for Physics Honours course in Current 
Electricity of Indian universities. It aims to remove the 
long-felt want of a text book in the true sense for the particular 
syllabus. The available and often recommended foreign 
books in thjs respect contain much mcie than ^hat is necessary 
and better serve the purpose of book of reference. Books 
written by Indian authors (there are very few of them) arc 
unnecessarily voluminous dealing the elementary and advanced 
topics with similar details and same ^eightage. This treatise 
h as been so planned as to be different from both of the 
two types. 

The book contains threadbare discussions of the advanced 
topics with such introduction and in such neat and precise 
manner that the students joining the degree honours class 
directly from the pre-university level may find little diflSculty 
m following the course of study and would gather a thorough 
knowledge and clear conception of the subject. 

Alternative treatments including vectorial methods have 
been incorporated where necessary. Quite a pretty number 
of numerical examples illustrating important principles and 
applications thereof have been included as worked-out prob- 
lems and exercises for students. In representing the vector 
quantities the convention of using bold types have been 
followed. 

The book has been developed from class-notes prepared 
and used for a period extending over three decades. This 
treatise is somewhat a compilation of treatments and methods 
assimilated by the author during these years of teaching. 

I would in general way acknowledge my indebtedness to 
the authors of the works which I freely consulted and relied 
upon in preparation of the class-notes. A list of such books 
is appended hereto. This would as well serve the students 
as a guide to further study. 



( iv ) 


The book has been hurried through the press amidst 
numerous present-day handicaps and difficulties. The author 
had not the scope of reading the proofs in different stages 
and with as much time and care as is necessary. As such 
there are some printing mistakes and drawing inaccuracies. 
For these I solicit the indulgence of the readers. Further, in 
this first edition of the book omission in treatments and 
mistakes in calculation of numerical examples may have crept 
into. The author will remain grateful for any information 
regarding such as may be detected by the readers. Suggestions 
and opinions regarding the book is welcome. 

I am thankful to the publishers Messrs Scientific Book 
Agency for their kindly undertaking the publication of the book 
and to Sri P. L. Sinha of the firm for his initiative in 
the matter. 

NANDAN 

74 Rabindranath Tagore Road J. C. Mukherjee 

Berhampore (W.B.)-742l0l. 
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CHAPTER I 


D. C. CIRCUITS 

M. ELECTRIC CURRENT 

Drift of charge : Moving charges constitute electric current. 
The necessary conditions for continuous movement of charge 
are that (a) the medium should contain free charges capable 
of movement and (b) there should be an electric field to drive 
the charges in one particular direction. In solids, generally in 
metals, there are a few electrons per atom free to move in the 
interatomic spaces. An electric field inside such a substance 
would cause a drift of electrons. In liquids, there are no such 
free electrons and for this reason pure liquids in general 
(excepting mercury, which is a metal) do not conduct electricity. 
When some chemical compounds are dissolved in a liquid, the 
molecules of the solute break up into two parts, carrying equal 
but mutually opposite charges. These are called ions. As for 
example, sodium chloride (NaCl) when dissolved in water is 
broken up into positive Na+ ions and negative Cl" ions. An 
electric field inside the solution drives these in opposite 
directions causing electric current. In gases, there are no free 
electrons and so gases are ordinarily non-conductors. But, 
by the action of strong electric fields electrons may be ejected 
out of atoms by a mechanism involving mutual collisions to 
form ions. It is only in such a case that a gas conducts 
electricity. 

In order to cause a current to flow through a conductor, 
an electric field must be maintained inside it. The moving 
charges gain energy in the field but by collisions with other 
atoms lose energy and cause generation of heat. For this the 
source that maintains the field must supply energy for conti- 
nuous drift of electrons. Such a source maintaining an electric 
field and supplying energy is called a seat of electromotive force. 
This may be obtained by chemical means as in a voltaic cell or 
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by mechanical process operated in a magnetic field as in an 
electromagnetic generator. The emf of a source creates a 
potential variation inside the seat of emf by transference of 
charge. In a simple cell the copper plate dipped in dilute 
sulphuric acid assumes a potential higher than or positive with 
respect to the acid solution and conversely in a similar way the 
zinc plate has a potential lower than i.e. negative with respect 
to the solution. The electromotive force in fact causes 
conversion of non-electrical energy into electrical form and 
its magnitude is measured as work per unit charge. In trans- 
ference of charge the electromotive force does work and the 
charge loses the energy thus acquired when it falls through a 
potential difference. The electromotive force converts some 
other forms of energy into electrical energy and potential 
difference causes conversion of electrical energy into other 
forms of energy. The electromotive force is the cause and 
potential difference is its effect. Both are measured by the 
same unit and the practical unit of such measurement is 
calculated as one joule per coulomb which is called a Volt. 

Process of electrical conduction : It is instructive to consider 
the mechanism of flow of electric current in metals. The free 
electrons in absence of any electric field mo\ e at random in all 
possible directions. If the metal is subjected to an external 
field the electrons arc urged to move in one direction. Thus 
there is a drift of electric charge. This constitutes electric 
current. The conventional electric current is taken to flow in 
the direction opposite to the drift of electrons. For continual 
encounters of the electrons with the atoms of the metal the 
momentum of moving electrons does not increase indefinitely. 

Let m the mass of an electron moving forward under the 
electric field with an average velocity u. If n be the number 
of free electrons per unit length of the conductor, the total 
momentum of all moving charges in unit length is nmu. Let 
e be the charge of an electron. The total force acting on n 
electrons in an electric field of intensity E is Ene, and this is the 
measure of the rate at which the total m omentum of all the 
electrons in unit length is increased. Again, the collisions 
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cause a dimunition in momentum and this may be taken to be 
a factor of number of electrons and their velocity and so 
proportional to nu. If represent the constant of this 
proportionality depending upon the interval between successive 
collisions, then the rate of decrease of momentum is ^nu. So 
the equation representing the rate of increase of momentum 
may be expressed as 

^ ( nmu ) = Ene — pnu. 


If i the current strength be defined as the charge flowing 
through any fixed section of conductor in unit time, then 


or nu=— 
e 


or nmu = 


or = 

dt ^ ' e dt 

or . 4 -{nmu) 

dt mdt 


or ^ = ^{Ene—^nu) =^-( E ne——\ 
dt m m\ el 


di ne* E- 1 \ 

or j- = - E — i 

dt m \ /ze* I 


di HP ^ PI 

j becomes zero, if i attains the value of -5- . This con- 
dt p 

dition states that the velocity of the drift of electrons attains a 

steady value when the rate of flow of charge reaches a value 

I This condition may be written as E= . 

jS 

If the rate of fall of potential (V) along the conductor is 
taken into account, electric intensity is expressed as 


or dv i-dx 

ne* 
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Integrating between two points separated by a finite length / 
inside the conductor, we get for the potential difference (F) 
between the points, the expression 

F= M- i » Ri, where R = -^ 
ne* ne* 

This equation shows that the current though caused by a 
potential difference, its strength is controlled by a factor R, 
depending upon the length of the conductor, the frequency 
of collisions, the number of free electrons per unit length and 
the electronic charge. This constant of proportionality R has 
been called Resistance of the conductor. 

Equation of Continuity : If the current through unit area of 
a conductor, called current density is denoted by I, the total 
current through an area dS may be expressed as 

If dS be an area enclosing an arbitrary volume dv, the 
current flowing through the surface is given by the rate of 
decrease of total charge in the volume dv, so 

'=// -r, f// 

u being the volume density of charge inside the element dv. 
But by Gauss’ theorem, we may write 

j/'''®'///'*’'' '■ * 

Hence J I ] *-0 

or rf/»’I + f^=0 
Bt 

0(7 

This is the equation of continuity. If ^*^=0, i.e if there be 

ot 

no change in volume density of charge, as it occurs in free 
space, where there is no sink or source of charge, div 1=0 
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1-2, RESISTANCE 

Ohm’s Law ; The current through a conductor though 
caused by the potential difference at its ends, is controlled by 
the property of the conductor. This fact was formulated by 
G. S. Ohm, a German physicist in 1826, in the form of a law 
stated as follows ; 

When a steady current flows through a conductor the 
potential between its ends is directly proportional to the current 
provided that the physical conditions of the conductor does not 
change. 

Thus if V is the potential difference and I the current, then 

Koc i 
or V=iR 

/? is a constant, depending upon the nature and physical 
conditions of the conductor, called its Resistance, 

This expression may be written as. 


Any of these equations represents the Ohm’s law in mathe- 
matical form. This law connects the three fundamentals, the 
cause (emf), the control (resistance) and the effect (current) 
concerning continuous flow of electric charge through a 
coductor. 

Practical nnits : The current is measured in ampere, emf or 
P. D. in volt and the resistance in Ohm. A conductor has 
a resistance of one ohm if one ampere current flowing through 
it causes a potential difference of one volt at its ends. 

Each of these units is defined in two ways. The unit 
obtained from theoretical laws direct are called true units and 
those fixed from practical agreed methods of measurement 
are international units. These will be discussed hereafter in 
proper places. The practical standards i.e. international units 
are defined here. 

International Ohm is the resistance of a column of mercury 
at the temperature of melting ice (0°C) 14'4521 gm. in mass 
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of uniform cross-sectional area comprising a length of 106’300 
cm. It is slightly greater than true ohm. 

International ampere is that unvarying current which 
when passed through an' aqueous solution of silver nitrate 
deposits silver at the rate of O’OOl 11800 gm. in one second. 
Consequently international coulomb is the amount of charge 
carried by one international ampere current in one second. 

International volt is the potential difference which drives a 
current of one international ampere when applied across a 
resistance of one international Ohm. It is in practice realised 
in terms of emf at 20°C of standard cadmium cell, taken to 
be 1'0183 volts. 

Resistance and Conductance : The reciprocal of a resis- 
tance of a conductor (called resistor when its resistance is 
being considered) is its conductance. If R ohms is the 
resistance of a piece of material, its conductance K is expressed 

as K=~ ohm~^. Conductance is also expressed in unit called 

mho. A resistor of one ohm resistance is a conductor of one 
mho conductance. 

Resistivity and Conductivity : If R is the resistance of a resis- 
tor of length / and cross-sectional area /I, then R is found to 
vary as IjA. Introducing a constant of proportionality this is 
expressed as R=pljA. The constant term p is called the 
specific resistance or resistivity of the material. It may be 
defined as the resistance of the material of unit length and 
unit cross-section. In practical units it is the resistance of 
one centimetre cube of the material concerned and is expressed 
in ohm-centimere unit. Conductivity is the reciprocal of 
resistivity. 

Factors affecting resistance : Resistivity of a substance is 
a constant depending upon the material and its physical 
conditions such as temperature, tension and on environments 
such as light and magnetic field. Change in crystalline 
structure has a pronounced effect on resistivity. 
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EFFECT OF TEMPERATURE : The variation of resist- 
ancc with temperature is resprcsented by the equation 

Rt=Ro(l + <t+pt^) 

R^ and Rq are the resistances at and O" measured in Celsius 
(centigrade) scale in a gas (air) thermometer, and are the 
constants for a particular material. For pure metals j3 is a 
small quantity and for alloys like constantan and manganin 
«c also tends to zero. It is for tliis reason that standard 
resistance coils arc constructed of wires of these alloys. The 
variation of resistance with temperature though parabolic in 
nature, within small range it may be taken as linear, expressed 
by the equation Ri — Ro (l + <0- The effect of temperature 
on resistance is used for temperature measurement in platinum 
thermometer. Carbon has a negative temperature coefficient, 
/. e, for it < is negative and the resistance of carbon decreases 
with rise of temperature. 

Supra-conductivity is the property of metals of losing their 
resistance suddenly at a very low temperature approaching 
absolute zero. For mercury this occurs at 4"‘22K. This 
property is shown by lead, tin and several other metals. A 
current flowing through a circuit made up of a super-conductive 
material at the appropriate temperature would continue even 
when the source of emj has been removed. This is the effect 
of lack of resistance. 

EFFECT OF LIGHT : Though incident light has no 
effect on resistance of most metals, selenium is an exception. 
Resitivity of selenium diminishes according to the intensity 
of light falling on it. 

Selenium cell is a contrivance utilising the property of light 
used to convert light energy into electrical energy. 

EFFECT OF MAGNETIC FIELD : Magnetic field slightly 
affects the resistance but it is much pronounced in case of 
bismuth. A strong magnetic field applied at right angles to 
the direction of current may increase the resistance of a bismuth 
resistor to double its normal value. 
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EFFECT OF PRESSURE AND TENSION: Tension 
increases the resistance but pressure has little effect. 

Grooping of Resistors : Two or more resistors may be 
joined either to inciease or decrease the resultant effect. 

RESISTANCES IN SERIES : When several resistors are so 
arranged that the same current flows through all of them, they 
are said to be in series. In such an arragement the separate 
resistors are joined end to end one after another, so that the free 
ends of the first and the last of the group respectively form the 
terminals of the combination. In such a grouping (Fig 1.1a) 
the total length of the conductor increases and hence there is an 
increase in the effective resistance, which is obtained as the 
sum of the individual resistances. It may be proved as shown 
below. 

If I be the current through the resistors, the total drop of 
potential at the terminals A and B of the resistors is obtained 

as the sum of the 
potential drops in 
the individual resis- 
tances 

/.e, between A— C, 
C — D, D— B etc. So 
the relevant potential 
drop V is given by 
K=/Ri+iRa+ 

If a single resi- 
stance R be substituted for the combination so as to produce 
the same potential drop at the terminals for the same current, 
then 


R, R X R 3 

(a) ■ 



Fig. VI 


iR = iR^+iR^+iRs+- 
or R=R^'{’R^-]-Rq + '•• 

RESISTANCES IN PARALLEL : When several resistors 
are so joined that each of them becomes an independent path 
for a part of the current obtained from the source to which they 
are connected independent of one another (fig. Mb). The 
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total current flowing through the combination is the sum of the 
current in the alternative paths. In such a case the effective 
cross-section of the conductor may be regarded as to be 
increased and as such the equivalent resistance decreases in 
relation to any of the individual resistances. Let I'l, /g, i8---be 
the currents in the respective branches having resistances 

^29 -^ 3 “* 

The total current supplied by the source is given by 

+12 + ^ 3 + 

If V is the potential drop at the ends of any of the resistors, 
which is the same for all, then 


i=Z+i:+x+. 

Jt, R, R, 


Let i? be a single resistance such that when joined indepen- 
dently between two points having the same potential difference 
i.e. with the terminals of the same source of etnf, it produces the 
same current, then, 




Hence, 


1=L+J_+ L+ 

R /?8 


Remembering that conductance (K) is the reciprocal of 
resistance, the above relation may be expressed as 
K= + 


If there be two resistors of magnitudes R^ and R, joined in 
parallel, then the equivalent resistance is given by 

Ri + Rj 


It may be helpful to remember that the equivalent resistance 
of several resistances in parallel is less than the resistance 
of any of the components. 

1-3. CURRENT DISTRIBUTION IN NETWORK CIRCUIT 


Kirchhoff’s Laws ; Problems concerning the manner in 
which current flowing in a network consisting of junctions 
distributes itself in different branches may be solved by two 
laws enunciated by Kirchhoff. 
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FIRST LAW ; In any network of conductors the sum of the 
currents which meet any point is zero. 

Let O be the junction of four conductors ( fig. l*2a), the 
currents in the respective branches being /g, /g, U Consider- 
ing the current flowing into a junction as positive and taking it 



Fig. 1*2 

as negative when it flows away from it, then as shown in the 
circuit diagram according to the law stated in the above, we 
may write 

or in short, 2Ji =0 

Since current indicates steady flow of charge there cannot 
be any accumulation of charge at any junction, the first law 
refers to this fact. 

SECOND LAW : The algebraic sum of the electromotive 
forces in any closed circuit or mesh is equal to the algebraic sum 
of the products of resistance of each portion of the circuit and 
current flowing through it. 

A network circuit is shown in diagram (fig. l*2b). Applying 
the second law respectively to the closed meshes indicated 
as A, B, C in the diagram, we get, 

+ + = ^ (a) 

"" *2^2 ~ 0 ••• (b) 

i^R^^ i^R^ IqRo^^ ••• ••• (c) 

The second law may be briefly expressed in the form 
T (E— ir)=0. Kirchhoff’s second law follows from the principle 
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of conservation of energy. It would be clear if we remember 
that emf in a circuit supplies energy to moving charge and on 
the contrary a moving charge dissipates energy in falling though 
a potential difference. The second law implies that the energy 
supplied by the source of emj is equal to the energy dissipated 
by the current, since the law may be expressed as 
U(Ei-i^r) =0. 


Maxwell’s modification : To simplify the problem of current 
distribution in a complicated circuit Maxwell introduced the 
idea of ‘cyclic current’. According to this. 

In each mesh a cyclic current of some specific value is imagi- 
ned to flow, all being clockwise and regarded as positive. The 
emf encountered by the traversing current is reckoned negative, 
if it tends to send a current in the direction opposite to flow. 

The principle is illustrated in the circuit shown in fig TS. 
These are two meshes 
marked as A and B. The 
currents in these are denoted 
respectively by x and y. 

Through the resistance 
the cyclic currents are in 
opposition mutually. 

In the mesh A : 

( x—y )=£i Fig. 1-3 

In the mesh B : R 3 y-\-R^ ( y—x )=£, 



Numerical example : Consider the case in which R^ = 2 ohms, 
/i,«=6 ohms, = ohms and £i=2 volts, £3 = 1 volt. The 
current through £, and the potential difference at its ends 
are obtained by solving for x and y. 

2x+6(x—y)=2, or ix—6y=2 
53+6(J’— *)= 1 , or 6x—lly=\ 


Solving we get ^^P- 


and >’=j 2 ao'P- Hence current 


through PQ flows from P to Q and is of magnitude 


3 

13 


amp. 
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IllastratiTe Examples 

1. Two batteries of emf 3 and 4 volts having internal 
resistances 2 ohm and 1 ohm respectively are joined in opposition 
by two wires of resistances 12 and 6 ohms. If the electric mid- 
points of these two wires are joined by a conductor of 10 ohms 
resistance, find the current in this wire and the potential 
difference at its ends. 


Solution : The currents in different branches are as shown 
in the circuit diagram (Figr4). 
Applying Kirchhoff’s second law in 
the meshes APQB and CQPD 
respectively we get, 

6/\ + 10 (r\ + /jj) + =4 

6/, + 10(/i + / jj) + 3i j + 2( a = 3 



Rearranging, 20/i + 10/g = 4 
10/^-|-21i j " 3 


27 

Hence by solving, i^ = amp., amp. So the curr- 

loU lo 


ent through the 10-ohm resistor is /i f/. 

and the p. d. at ends is 10=^ volt. 

loO lo 


27 1 ^ _3J 

160'^46 160 


amp. 


2. Twelve wires each having a resistance R are joined to 
form a cube. Find the effective resistance between (a) two 
diagonally opposite corners, (b) two opposite corners of the same 
face when an emf is applied respectively between the points 
concerned. 


Solution: (a) As shown in the diagram (figPSa) the 
current at A divides itself in three branches and from symme- 
try distribution is same in all of them. Hence if / is the current 
entering at A, the current in each of AF, AB, AD are //3 in 
magnitude. Similarly the current reaching H by the three 
branches GH, CH, EH are each of magnitude i/3. It is easy 
to find that the currents in DE, DC, EF, FG, BG are of 
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magnitude il6 in each of them. Applying Kirchhoff’s law 
between A-H by any path ( say ABCH ) we get, 

J o J 

or V =|/?i 
6 

If the effective resistance between A-H be r, then 

ir = V’>lRi. So, r=\R. 

6 6 



(b) The current entering A is divided in three branches 
as X, X and y and from symmetry the current leaving C will 
be due to similar contributions. The currents in different 
branches are as shown (fig. I'Sb). It will be evident from 
distribution that DE and BG carry no current and hence we 
may ignore them. FEH and FGH are circuits each carrying 
two resistances R in series and these are themselves parallel to 
each other. Their effective values between the points F-H is R, 
This again is in series with AF, HC. The eight resistances at 
the back of ABCD are equivalent to 2>R. Considering the 
resistances in the front face ABCD, it is found that the resis- 
tances between A-C are (AB+BC) in parallel with (AD+DC), 
each of the combination being equal to 2R, So these four 
resistances are equivalent to R. Hence the resistance between 
A-C may be considered to amount to 3/? and R in parallel, 

3 

which arc equivalent to ^R. 
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1-4- SETTING UP OF A BATTERY 

Groopiog of celb : More than one cells when combined to 
send a current jointly through a circuit are said to form a 
battery of cells. This grouping may be done in three different 
ways. 

CELLS IN SERIES : If n cells each of internal resistance 



Fig. 1*6 


When r->0, 1==^—, which 
from a single cell. 


r and emf E are connected 
in such a way that the internal 
resistances are all in series (for 
this purpose positive pole of 
one is connected to the 
negative of the next) the cells 
are said to be in series (fig. 
1 *6a). If the circuit is com- 
pleted to obtain a current in 
an external resistance /?, the 
current i is given by 

is n-times the current available 


CELLS IN PARALLEL : If w cells each of internal resis- 
tance r and emf E are joined in such a way so that the internal 
resistances fall in parallel (for this all the positive poles are 
joined at one point to form one terminal and the negative poles 
similarly joined become the other terminal) the cells are said to 
be in parallel (fig. r6b). If the combination sends a current 
through an external resistance R, the current i is given by 

/=r 

L nR+r 
n 

c 

when r-»-0, /=•=-, which is same as the current available 
R 

from a single cell. 

It may be noted that cells in series increase the current 
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Strength and cells in parallel do not supply a stronger current 
but increase the amper-hour capacity. 

MIXED CIRCUIT : Let (/wx«) number of cells beso 
grouped that m rows 
of cells each con- 
taining n cells in 
series, are joined in 
parallel. If r be the 
internal resistance 
of any individual 
cell and R the 

external resistance 1‘7 

through which the battery sends a current /, then 

/= = /wnJg 

n , nr mR+nr 



or 




[V mR— nrY + 2y/ mRnr 


For maximum value of /,we should have\//w^=\/'^r, that is 
R=Air/m. 

Thus for maximum current the external resistance should be 
equal to the total internal resistance of all the cells. 

Lost volts ia a battery : If a battery is connected to send a 
current through an external resistance (called the load), the 
potential difference across the load is less than the emf of the 
battery as obtained in open circuit, because of the drop of 
voltage in the internal resistance of the battery. If a battery 
of emf E and internal resistance r delivers a current i through a 
load of resistance R, the voltage drop (V) across the load is 
given by 

V^E--ir and /=^ 

So, 

R 
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lllostratlTe Examples 

1. Find the least number of cells each of emf 1'55 volts 
and internal resistance O' 7 ohm necessary for a glow lamp 
requiring a current of 2 amperes and a potential difference of 10 
volts at its ends. 


Solution : 


Resistance of the lamp /?=-?= 5 ohms 

i= — — - — , for maximum current R= — 
R-\-nrlm m 


So, '■ = or 2 = , hence n = 12 or 13 


(i) 


m - - - 


12x0-7 


= 1-68 


(ii) 



13x0-7 

5 


1-82 


Hence the least possible value of m is 2. 

So the number of cells=mxn=2x 12=24. 


2. A battery of 18 identical cells is formed by grouping 
6 cells in series and connecting 3 such groups in parallel. If 
each cell has an emf of 2 volts and internal resistance 1 ohm, 
what will be the value of the current through an external 
resistance of 4 ohms ? ' What is the potential difference across 
the battery terminals ? 


Solution : 


._ mnE 

mR+nr 


18x2 

3x4+6xl 


^*-2 amp. 


P. D. at the ends of the resistance is 2x4=8 volts. 


Emf of the battery is 6x2=12 volts. 

Hence p. d. across the battery is /x/-=2x2 = 4 volts. 


1-5. D.C. BRIDGES 

Wheatstone’s net : Four resistors P, Q, R, S along with 
a battery and a galvanoneter are arranged in six branches to 
form a circuit in a trilateral symmetry about a common point 
O as shown (fig 1-8). The branches LO and MN respectively 
accommodate a galvanometer and a source of emf ( battery ). 
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The resistance of the four other branches LM, LN, MO, 
NO are respectively P, Q, JR, S. The resistance of the battery 
and of the galvanometer 
are respectively B and G. 

The emf of the battery 
is e. 

Let the current in the 
branch MO be denoted 
by X and those in the 
battery and the galvano- 
meter circuits be respec- 
tively b and g. The 
direction of the current 
in the different branches fig- ^*8 

are as shown in the diagram. 

Applying Kirchhoff ’s first law, we find 
Current in ML=6— x 
Current in LN=h— x— g 
Current in ON=g-|-x 

Applying Kirchhoff’s second law in the meshes LMN, LMO 
and LNO respectively we get, 

£b+P(b—x)+Q(b‘-x-‘g) = e 

P(b-x)+Gg-Rx = 0 

Qib—x-g)-S(g+x)-Gg = 0 

Rearranging the terms, 

{B+P+Q)b-iP+Q)x-Qg-e.l = 0 

Pb-iP+R)x+Gg+0.\ = 0 

Qb-{Q-\S)x+ 



(G + S+Q)g+0.l 

= 0 

Solving for g we get, 




(B+P+Q) 

-(P+Q) 

—e 


P 

-(P+R) 

0 

g= 

Q 

-(Q+S) 

0 

iB-^P+Q) 

-(P+Q) 

-Q 


p 

-(I'+R) 

+G 

C.E-2 

Q 

-(Q+S) -1 

{G+S+Q) 
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Evaluating this determinant form of expression we shall get 
the value of g,the galvanometer current under any arrangement. 
The condition for null £.6., no current through the galvanometer 
may be obtained by equating the numerator of the above 
expression to zero. 


The numerator of the above expression is 

P -<P\R) 

Q -(Q+S) 

the numerator ==e(QR—PS) 


+e. 


- P{Q+S)+Q{P-^R)] 


or 


The numerator vanishes if QR=PS 


P R 

So the galvanometer current g = 0, if 

Q * 

This is the condition for a balance in the bridge. Now if 
the four resistors are so chosen so as to make the galvanometer 
current zero, then we know S—QRJP. This shows that if three 
resistances P, Q, R are known, the value of S an unknown 
quantity may be obtained. This is one of the most commonly 
used methods for comparison of resistances. 

It should be noted that if one pair of resistances (P-Q or 
R’S) be extremely small, the numerator will be a small quan- 
tity and the arrangement will be insensitive under all conditions. 
This difficulty cannot be removed by increasing the other 
pair as that would again increase the denominator. Hence 
Wheatstone bridge is unsuitable for comparison of low resis- 
tances. It would be also advantageous to have the battery and 
galvanometer resistance as low as possible as this would make 
the denominator small. 

Wheatstone bridge is unsuitable for comparison of high 
resistances as well, for the high resistances put in one pair of 
arms would cause a very small current to pass through the 
galvanometer making the arrangement insensitive. 

Tn any Wheatstone bridge arrangement the unknow* 
resistance is placed in the branch containing 5, called the fourth 
arm. The branches comprising P and Q are known as ratio 
arms and the branch representine R is the third arm. 
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Sensitirity of the bridge : Sensitivity implies that for a 
slight deviation from the balanced condition the current flowing 
through the galvanometer should be appreciable. In other 
words the ratio g:s (galvanometer current : fourth arm current) 
should be maximum. This may be obtained either by particular 
choice of the galvanometer and battery positions or by applying 
suitable values of the resistances 
in the ratio arms. The two cases 
are being discussed separately. 

RELATIVE POSITIONS OF 
BATTERY AND GALVANO- 
METER : In the expression for 
g, a smaller value of the denomi- 
nator would cause relative in- 
crease of the value of g. Let 
in an arrangement the galvano- 
meter be joined between P-Q 
and R-S Junctions and the battery 
between P-R and Q-S junctions 
(fig l'9a). Under this arrange- Fig. 1-9 

ment the denominator of expression for g is obtained as 

P+Q+B -(P+Q) -Q 

P -{P+R) +G 

Q -iQ+S) -iG+S+Q) 

Or, D,= (P+Q+B) [(P+R) (C?+5-f-e)+G(e-f-S)] 
-(P+Q) LP(G+S+Q)+GQ] 

+Q[P(Q+S)-QiP+R)] 

Rearranging the terms, 

= RG(p-f-e+/?+i’)+5(i"+^)(e+5)-i-(?(p+ex^-i-s) 

-[PQ(R + S)+RS (P-l-0] 

If the positions of the battery and the galvanometer be inter- 
changed ( as in fig. I '9b ), the new denominator is obtained as 

D^ = BG(P+Q+R+S)+G(P+R)(Q+S)+B(P+QXR+S) 

-[PQ(R+S)+RS(P+Q)] 
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Hence D,- -G(P+/?)(e+S)+5(P+0(/i+S) 

- B(P+R)(Q+ S)-G(P+ QXR + S) 


By simplification, 

=(G-B)[(P+/?)(e+5)-(P+ e)(i?+5)] 
Or, D^-D, = (G-BXP-S)iQ-R) 

If D^>D^, that is if D^—D^ is positive, the first arrange- 
ment becomes more sensitive. Hence for better sensitivity the 
expression (G— B)(P— S)(Q— P) should be positive. This 
indicates that if G>B, P should be greater than S and Q 
greater than R ( or conversely S>PandP> Q). So it is to 
be noted that the first arrangement becomes sensitive if in 
that arrangement the galvanometer, which has a resistance 
greater than that of battery, is placed between P-Q and R-S 
junctions, when P>S and Q>R. 


Thus for the better sensitivity whichever of the two, battery 
and galvanometer, has the greater resistance must be placed 
between the two junctions formed by two greater resistances 
and two smaller resistances respectively. 


Although the method provides for making the galvanometer 
current maximum in a slightly unbalanced condition, it is found 
that the arrangement also makes the current through the resis- 
tance to be measured appreciably greater. This is particularly 
noticeable when the battery has a negligible resistance. Thus 
the arrangement is unsuitable in cases where the heating effect 

of the current on the 
resistance to be measured 
is not a negligible affair 
as in the case of a plati- 
num resistance thermo- 
meter. 

HOICE OF RATIO- 
RESISTANCES : 
r- the resistance to 
^ ^ bf ji asured and n the 
resistances. be the resistance 



ratio of the 
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in the third arm in the balanced condition, then R=r. In any 
unbalanced state let /?~r=Ar. Let the ratio-arms resistances 
expressed in terms of R, be written as mR and n(mR). 
Let / be the current in r, g the current through the galvanometer 
which has a resistance G. The current in the third arm is 
( i-hg ) and the currents in the two ratio-arms are respectively 
and ( I'l+g ) flowing in directions indicated in the circuit 
diagram ( fig. LIO). 

Applying Kirchhoff’s law in the meshes ABD and BCD 
respectively, we get, 

— Gg—nR(i -l- g) = 0 
mRiij,+g) — ri Gg =0 

Eliminating from these two equations, 

g_ n(r- R) __ Ar 
} (/j-|-l)G-(-«(l+w)/? (l+;)G+(l+m)/? 

The ratio gli is a measure of sensitivity. For a small defect 
of balance measured as Ar, this ratio should be maximum for 
better sensitivity. This indicates that n should be large and m 
small. This implies that the ratio of the resistances in the ratio- 
arms should bf large and also that the smaller resistance of these 
should not b ’ high in comparison w th r. This determines the con- 
dition for better sensitivity. We may consider the two limiting 
cases when (i) the three resistances P, Q, R are of equal magni- 
tude and (ii) the ratio is too great. 


(0 


If n=m=\. 


/ 2(G+/?) 


(ii) If /!->■ 00, m-^0. 


i G-\-R 


The advantage in the second case is not very great. 


BEST VALUE OF GALVANOMETER RESISTANCE : In 
the expression for sensitivity shown in the above G and R both 
occur in the denominator. We may consider what value of G 
should give the best advantage. 
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Let US consider two galvanometers having coils of same 
size and mass, one being a single turn coil and the mimber of 
turns ih the other being p. Such increase in number of turns 
causes increase in resistance times. This is due to p times 
increase in length and ^th dimunition in cross-section. So the 
galvanbfneter resistance may be taken to be proportional to p* 
i.i. G dc p*. This may as well be written as p oc v'C- 

Again, the deflection 6 of the coil for a given current is 
proportional to the number of turns and also to the current 
strength, that is 

0 oc g.p or, 6 oc g\/G 

The expression for the galvanometer current has been shown 
to be given by 




i{r-R) 


So when i and (r — R) are not changed 

VG 


e oc 


{l + l)G+{]+m)R 


or, 0 


ky/G 

(l + i)G-h(l+/n)7? 


Hence jg- _ ( l + lW:G.k 

dG VG[(1 + rC-t-d-hm)/?] (l+i)G-i-(l+m)/fJ» 

For a maximum deflection 

dG 

2VG (l+i)G-l-(l-fm).« 


or 



This shows th&t G should be of the saute order of magnitude 
as R, If n is never less than \ oi m never greater than 1, 
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the limiting values of <3 are 2R ( when m = ], n= « ) and 0*5/? 
( when fw=0 and n= 1 ). 

Kelvin’s Double bridge : Wheatstone’s bridge is not suitable 
for measurement of low resistances (of the order of O’ 1 ohm 
and less ) because of (a) insensitiveness of the bridge and (b) 



errors due to inclusion of resistances of the junctions and connec- 
ting wires in the bridge arms. In Kelvin’s double bridge these 
errors are eliminated. The essential parts of the bridge are 
as shown in the circuit diagram ( fig. 1 ' 1 1 ). S is an unknown 
resistance and R is a standard resistance both having extra 
potential leads. A metal bar CD having small resistance (Ar) 
joins these two resistors. Four known resistances P, Q, M, N 
are joined through a low resistance galvanometer to form the 
bridge. 

Let us assume that the bridge is balanced. In such a 
state the currents as shown in the diagram flow through 
the several resistances and it is same through R and 5. 
Applying Kirchhoff’s law to the meshes ACGF and BDGF, 
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we get, 

— Ri=0 ••• (i)' 

Qi^-Si-Ni, =0 -• (ii) 


or 


or 

or 


If 


Ri+Mi^ =Pii 

Si+Ni, =Qi^ 


Ri -f- A/ig 
Si+Ni^ 

i(QR-PS) 

M P 
N^Q' 


^P 

Q 

= i,{MQ-NP) 


MQ-NP=0 


So from equation (iii), 
or 


QR-PS 

P^R 

Q s 


0 


The condition for balance becomes 


M 

V 


P^R 
Q S’ 


So 


S= 


QR 
P ■ 


(iii) 


In practice, for construction of standard low resistances 
and determination of specific resistance P-Q and M-/V are 
obtained from two pieces of resistance wires (AFB, CLD) 
whose electric mid-points are joined with the galvanometer 
terminals. As such PIQ becomes equal to MIN. S may 
be a wire whose length between D-B is adjusted by trial for 
balance. For balanced condition the resistance S of the length 
of the wire between the two connecting points at D and B is 
equal to the resistance of R, a standard resistance. In com- 
parison experiments the final adjustment is made by shunting 
S (having a fixed resistance) by a resistance box. If the exact 
balance is obtained with a resistance in parallel with S, 
then 

=—./?, thus S is calculated. 

S + S^ P 

P, Q, M, N should be of the same material and be placed 
near to each other to ensure similar temperature variation, if 
there be any, in both of them. 
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In this arrangement the current leads with R and S are in 
series with the connecting rod (which has no effect on the 
balance condition) and the potential leads are in series with 
M,N etc., which are wires of larger resistance. Hence the 
effect of the resistances of the junctions are of no consequence 
on the null condition. 


IllustratiTe Examples 

1. If in a Wheatstone bridge circuit P=Q = 25 ohms, 
R= 100 ohms and S= 105 ohms, calculate the current through 
the galvanometer (resistance 50 ohms) if the emf of the battery 
(of negligible resistance) is 2 volts. 

Solution : Applying Kirchhoff ’s law : 

In EABC, 25p+25(p+g)=2 ■■ (i) 

In EADC, 100r-|-105(r-?)=2 •• (ii) 

In ABD, 25p-50;?-100r=0 . (iii) 


From (i) 

(») 


(iv) 


(v) 



Substituting these values of p and r in (iii) 


2-25f_ _ 200-105^ _ 


Hence g= 


205 


0 


amp. 


9375 

2. Find the current through the unbalanced Wheatstone 
bridge having P=1 ohm, Q = 2 ohms, S=3 ohms and G=4 ohms, 

the battery being of emf 2 volts and 
internal resistance 2 ohms. 

Solution : Considering the 

Maxwell-current in the respective 
circuits as x, v, z and applying 
Kirchhoff’s law in the modified 
Fig* 1‘13 form, 

In ABD, *-l-4(x~3>)-t-2(x-z)=0 

or 7x— 4y— 2z-0 ••• (i) 
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In BCD, 2y+i{y-2)+A{y-x)=0 
or — 4 jc+9j^— 3z=0 

In ADCE, 2z+2(z—x)+3(z—y)= 2 
or 2x-\-3y—7z— —2 

Solving (i) and (ii), 

_•* _ - y - 2 

12+18 8+21 63-16 

Hence x = f^z, y = ^^^z 


Substituting these values in (iii), 

,_ 60_87 1 2 

\ 47 47 ^ ) ’ 


or 2 = 


47 47 

Current through the galvanometer is 

/30 29 x 47 1 

^ (,47 47 ) 91 91 


47 

91 


(ii) 

(iii) 


3. In a balanced Wheatstone bridge the resistances are 
P=100 ohms, 0=10 ohms and R=20 ohms. Find S and the 
current drawn from the battery of emf 4 volts and internal 
resistance 2 ohms. 


Solution : S= p ^ x 20= 2 ohms. 


In a balanced condition (P+0) and (P+S) may be consi- 
dered to be in parallel circuit with the battery. Hence the 
equivalent resistance of P, 0, R, S is obtained as 


P+0 


or 


1 ^ 1 ,_L^A 

R + S 110'^22 110 
r - = isl ohms. 


The required current is i = 


¥-+2 


ampere. 


1-6. APPLIANCES AND APPLICATIONS 

Shunt : The principle of diverting a part of a current 
flowing through a resistor by joining another resistor in parallel 
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with it is utilised in an appliance known as shunt. Two such 
resistances in parallel act as shunt to each other. If the shunt 
has relatively lower resistance, greater part of the main current 
flows through it. Let and /?„ two resistances in parallel, 
be joined to an emj E. The equivalent resistance of the circuit 
(fig. l'14a) is given by 



Fig. M4 


The currents flowing in the two branches, denoted by 
and i, respectively, are obtained by considering the potential 
difference at the terminals, 

E = iR= i. 

Rx+a, 

Again E=i^R^, | 

and E=i,rt, hence >2 = ^ •= ‘ 

So ; the currents in the two branches are inversely 

^ 2 

proportional to the respective resistances — the greater the 
resistance, the smaller is the current flowing through it. 

GALVANOMETER SHUNT: In order to control the 
Current flowing through a galvanometer, a resistance is joined in 
parallel with the galvanometer coil as its shunt. If G and S 
are respectively the galvanometer and the shunt resistances then 
the current through the galvanometer (fig. M4b) expressed 
as a fraction of the main current (/) is obtained as 
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If ith of the total current is intended for the galvanometer, 

the necessary value of the shunt is obtained from the equation 
written below : 


S _1 
S+G n 

The factor 

S 


or S =~^.G 
1 


by which the galvanometer current ig is to 


be multiplied to obtain the total current is called the multiplying 
power of the shunt. 


Galvanometers are often shunted to save the apparatus from 
damage due to heavy currents. But it would be realised from 
the foregoing expression that each galvanometer according 
to its coil resistance (Cf) must have its own set of shunts if the 
desired fraction of a current is to be passed through the galvano- 
meter. This difficulty has been overcome in a specially designed 
type of shunt-box suitable for use with any galvanometer. 

Ayrton Mather Universal Shunt : It consists of a high 
resistance R having several tapping points at some fractional 
values of R. Usually the total value of R is 10000 ohms and 
tapping points are for 1000, 100 and 10 ohms. The whole 
of R or Jth fraction (xV, rrm* xuW) of it can be put in 
parallel with any galvanometer coil. But whatever resistance 

be put as shunt, the total resis- 
tance in the shunt and the gal- 
vanometer circuits taken together 
remains constant. As shown 
in the sketch (fig. 1*15) the gal- 
vanometer is connected at 
and 7*2. The current entering at 
one end of the resistance coils 
may leave at the other end or 
at some tapping point through T^, If the full value of i? is 
m parallel with the galvanometer coil of resistance G, the 
current flowing through the galvanometer is given by 



. R 

~ ' G+i? 
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Where i is the total current from source of supply. If R 
is high in comparison with G, Let the sliding contact 

be shifted to any other point so that Ith of R is in parallel 
with the galvanometer and the rest of R i,e.{R—Rln) is in series 
with the galvanometer. Under such -an arrangement the fraction 
of the total current flowing through the galvanomoter is given by 



L I 

n O VR n ‘ "" 


This value is J-th of the current flowing through the 
galvanometer when full value of R is in parallel with the gal- 
vanometer. Thus by connecting one of the terminals of the 
source to one end of R and the other to a tapping point on /?, 
the current, may be reduced to or fraction of 

the maximum current that is practically of the main current. 
This effect is obtained with any galvanometer irrespective 
of its resistance. 

Post OflBce Box : A practical and ready method of utilising 
the principle of Wheatstone bridge for comparison of ordinary 
resistances is provided for in a special type of resistance box, 
known as Post Office Box. In this box there is an assembly of 
different sets of plug type resistors arranged in three branches 
to form the three arms of a Wheatstone bridge. 

As shown in the diagram, the resistances in the branches 
AB, BC are meant for ratio-arms resistances. Each of these 
sets contains coils of 
resistances 10, 100 and 
1000 ohms. The third 
arm resistance is obtain- 
ed from AD branch 
which contains a number 
of coils so that by suita- 
ble plucking of plugs any 
resistance from 1 to 
11110 ohms may be put in this branch. The unknown resis- 
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tance meant for determination is connected between C and D. 
The battery (placed between A-C) and the galvanometer 
(placed between B-D) connections are closed through tapping 
keys Ki and Kj respectively. This mode of closing the circuit 
is to avoid unnecessary heating of the coils, the current being 
passed momentarily when necessary by pressing the keys. The 
battery circuit is to be closed always before the galvanometer 
circuit to avoid a throw in the galvanometer coil which may 
be produced by electromagnetic induction even when the 
bridge is balanced for steady current. The third arm resistance 
(R) which gives the balance is to be multiplied by the ratio 
of the resistances (QIP) put in the ratio-arms for obtaining the 
value of the unknown resistance. 

Metre Bridge : For measurement of resistance by applying 
the principle of Wheatstone bridge with better precision than 

that may be obtained 
with a P. O. Box, the 
Metre bridge is used. 

Three copper strips 
A, D, C are so mounted 
on a wooden base as to 
leave three gaps, one of 
F*g- 117 them being one metre 

long. In this gap a straight uniform resistance wire of one 
metre length is stretched over a scale lying below the wire. The 
other two small gaps between A-D and D-C are meant for 
insertion of two resistors that are to be compared. One of 
these is of known value and the other is the unknown resistor 
whose value is to be determined. By a sliding contact arrange- 
ment any point on the resistance wire may be put in connection 
with the galvanometer having one of its terminals connected 
between the two resistors mentioned. A battery is connected 
at the ends of the wire. 

The connections, as shown in the diagram (Fig. 1*17), 
form a Wheatstone net circuit. If through trials a balance is 
obtained by making a contact of the slider at a distance / from 
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one end of the wire and if p be the resistance per unit length of 
the wire, then 

R P Ip 

s~Q-(m-i)p 


If R is known, S may be calculated. 

The procedure is subject to error due to (/) non-uniformity 
of the wire, (») themo-electric effect, (Hi) end effects and (iv) 
zero-error of the scale. These are to be eliminated. Zero- 
error is corrected by interchanging the position of the two 
resistors and taking the mean value of the calculated value of 
S in two positions. The thermoelectric effect is eliminated by 
obtaining the null points by reversal of current and taking 
the mean length as the corrected balancing length. The other 
two errors can be corrected for by separate experiments, viz. 
end corrections and calibration of the bridge wire. 


GREATEST ACCURACY : Any discrepancy in the deter- 
mination of the length of the wire giving the balance brings 
some error in the calculated value for the unknown resistance. 
The relative error varies for null-points obtained at different 
lengths. Consider dS to be a small increase in the calculated 
value of S for a change dl in the length of the wire correspond- 
ing to the balance point. The value of S is related to /, the 
length of the wire, by the following equation 


„ 100-/ lOOR „ 
S=R. 

100 


By differentiation, dS = —R. — dl 

} /a 


So 


_ n _ dl_ 
S I (fOO-/) 


is the relative error in S and for greatest accuracy this 

should be minimum. This is obtained when (100—/)/ is 
maximum. So for greatest accuracy 


J-[(ioo-/;/]=o 
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or ^(100/-/*) =0 

or 100-2/ =0 

or / = 50 


This indicates that for greatest accuracy the null point 
should be near the midpoint of the wire. This is obtained 
when R and S are nearly equal. 

END CORRECTIONS : There may be error due to small 
resistances of contact at the ends of the wire and out of the 
fact that the wire may not be exactly one metre long. Such 
errors are corrected by a method due to Ferguson, 

Let <1 and <2 represent the errors at the two ends respec- 
tively expressed as centimeters of length to be added to the 
bridge wire length on the two sides of the null point. If and 
are two known resistances placed in the gaps and the 
lengths into which the bridge wire is divided for a balance, then 


^ i+< i _ 


^-i=x(say) 

iVa 


So ac/j— <jac 


Writing x/ 2 —/i=;', the above relation may be obtained in 
the form ttaX. Taking different values of and 

the corresponding values of x and y are obtained, jc-v are 
plotted to obtain the graph of the equation 
is obtained from the intercept on the y-axis of the straight 
line representing the equation and <2 is measured from the 
slope of the straight line. 

Carey-Foster’s bridge : The difference in magnitudes of 

resistance of two 
resistors of nearly 
equal values may be 
accurately obtained 
by means of a 
modified form of 
metre bridge due 
to Carey-Foster. 
The bridge contains four gaps and in the two ^ extra gaps at 
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the two ends, two standard resistances are inserted so as to 
be in series respectively with the two portions of the bridge 
wire on either side of the null point. The arrangement is as 
shown in fig. 11 8. and S, the resistances to be compared, 
are in the two outer gaps. P and Q are two nearly equal 
resistances placed in the inner gaps and these form the ratio- 
arms of Wheatstone bridge. R and S are in series respectively 
with the portions of the bridge wire adjacent to each of them 
and separated by the null point. These combinations form 
the other two arms. For a balanced biidge. we may write, 

P _ i?+(/.4-AJp 

Q S+(I00-/i+AJ/) (0 

/j is the length of the wire from the end to which R is 
joined, Aj and A, are the end corrections at the respective ends 
and p is the resistance per unit length of the bridge wire. 

Let the positions of R and S be interchanged and a new 
balance point be obtained at a length /j, then 

P _ 5+(/«4-Ai)p 

Q j?+(100-/,+A,)p («) 

Adding the numerator and denominator of the right band 
side in each of the equations ( i.e. in i and ii ) and rewriting the 
equations with the new numerators obtained by summation, 
the denominators remaining as before, we get 
R+ S+(A, +A, + 100)p_j?+5+ (A,+A, + 100)p 
/?+(100-/, +A Jp 5+(100-/i+A,)p 

Hence /?+(100-/a+A,)p=S'+(100-/i+A'a)p 
or ii— S'=(/,— /i)p 

This expression may be utilised in obtaining the value 
of p and in calibrating the bridge wire. 

TO DETERMINE p : A standard 1-ohm coil is taken to 
represent R, S is obtained by a similar 1-ohm coil shunted by a 
standard 10-ohm coil, whence 5 becomes 0 909 ohm. If / and 
1' are the readings for the two null points when the bridge is 

used as described, then 

p (/_/')= 1-0-909 =0 091 ohm 
p is calculated from this equation. 

C. E.-3 
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TO CALIBRATE THE BRIDGE WIRE : The bridge wire 
may not have uniform resistance per centimetre throughout 
its entire length. For this it is often necessary to divide the 
bridge wire into a number of small lengths (which may not be 
equal) of equal resistance. This may be done by the foregoing 
method and obtained from the equation (R—S)-(l—l')p. If 
the wire be not uniform, (/—/') will be different for null points 
at different positions along the length of the wire. This is 
obtained by suitable adjustments of P and Q, keeping R and 
S constant. Let these be /,, /,, Z, etc. from one end to the 
other. The mean of these lengths is calculated and the diffe* 
rence of each length from the mean is obtained. These give 
the corrections at different positions of the wire. To apply the 
correction necessary for a length obtained for a balance, these 
errors are to be algebraically added from one end up to the 
relevant point of balance. 

Calladar and Griffith’s bridge : This is another modification 
of Wheatstone bridge used to measure the change in resistance 
of the coil in a platinum thermometer. 

In this bridge a P. O. box is used in combination with a 
metre bridge. The circuit is shown in fig. T 19. The ratio- 

arms P-Q of the P. O. box are 
set to equality and the plati- 
num coil (resistance S) with 
its leads (resistance T) is con- 
nected with the box terminals 
so as to form the fourth arm. 
The third arm resistance 
obtained from the box is in 
series with the compensating 
leads (resistance C) of the thermometer. The third and the 
fourth arms are connected through the bridge wire (AB), The 
sliding key of the bridge is connected with the junction of the 
ratio-arms through the galvanometer. The battery is connected 
as usual. A suitable resistance (R) is to be inserted In the 
third arm and a null point is to be obtained by sliding the 
jockey on the bridge wire. 
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Let the balance be obtained on placing the slider at a 
distance x (towards R) from the electric mid>point (M) of the 
bridge wire. The mid>point is at a distance, say, m from the 
i?-end of the wire. If R is the resistance in the third arm of 
the box and p is the resistance per unit length of the bridge 
wire, then for balance 

^+C+(/M— x)p= S+r4-(/M4-x)/» 

Since C= T, hence S=R~ 2px 

If I is the distance of the null point from /J-end, then 
x=(m-/) ; hence S==R-2{m-l)p. 

To determine p , R is increased by one ohm. If this shifts 
the null point through a distance lo, then 

.?/oP=*l, hence p=:iohm. 

Detemilnation of Galvanometer Resistance : In the arrange* 
ment known as Kelvin's method, a P. O. box is used and the 
galvanometer, whose resistance is 
to be measured, is placed in the 
fourth arm. In the normal position 
of the galvanometer in the Wheat- 
stone bridge there is a short circui- 
ting key ; this is obtained by joining 
the P-g and R-S junctions of the 

box by a conducting wire through the relevant box key. With 
such an arrangement if the battery circuit is closed there will be 
a deflection in the galvanometer. This deflection is brought 
within the scale either by adjusting the current or brought to 
zeroreading by twisting the suspension in the case of a suspended 
coil type galvanometer. 

Now R is so adjusted that neither pressing nor releasing of 
the short circuiting key causes any change in deflection. For a 
balanced bridge the current in any of the four arms is indepen- 
dent of the galvanometer circuit resistance. So under the 
condition stated, the, galvanometer resistance is obtained from 
the equation G- gP/P, 
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Detcrmiaatioii of Battery resistance : In a modified arrange- 
ment of Wheatstone bridge (known as Mance's method) the 
battery is placed in the fourth arm and the normal connecting 

points of the battery are short- 
circuited through the relevant tap- 
key (K). Under a balanced condi- 
tion change of the emf of the battery 
does not affect the current condition 
of the galvanometer circuit. The 
resistances P, Q, R are so adjusted 
that the galvanometer deflection remains unaltered by pressing 
or releasing of the key K. This means that if a current passes 
through K, it does not affect the galvanometer current. This is 
possible only when the null condition (P/Q=i?/S) is satisfied. 
Hence we know under the conditon stated PIQ=RIB and B is 
calculated. 

This method has some draw-backs. A current flows through 
the galvanometer which may be too large during testing. 
Further, current flowing through the battery is likely to alter 
its resistance. 

Principle of Potentiometer ; If a current is passed through 
a uniform resistance wire, there is a uniform drop of potential 
through it along its length and 
the potential difference between 
any two points on it is propor- 
tional to the distance separating 
them. Suppose PQ is such a 
wire having a supply of current 
from a source of emf B. If / be the current through the wire, 
the potential drop over a length / of the wire is Up, p being 
the resistance per unit length. Consider that one terminal 
of another cell of emf E is so connected to P that it tends to 
send a current through PQ in the same direction as B. The 
other terminal of E is connected to a contact key sliding on 
PQ, through a galvanometer G. If B>B, the potential 
difference between P-Q will be normally greater than E. The 
potential difference between P-Q may be diminished by intro* 



Fig, 1-22 



Ji-N. 


Fig. 1-21 



D. C. CIRCUITS 


37 


ducing some external resistance in the circuit of the cell B 
(usually called the driver cell). If this resistance is adjustable, 
the potential drop between P~Q may be arranged to be of any 
value greater or less than E. If the potential difference between 
P-Q is not less than E, a point S on PQ may be so found 
that the potential difference between P-S is equal to E. In such 
a case no current will flow in the galvanometer if the sliding 
key makes a contact at 5^. If V^—Vb be greater or less than 
E, a current flows through the galvanometer in either case, 
but in mutually opposite directions. Such an arrangement 
forms a potentiometer, which may be used for comparison 
and determination of em/s, comparison of low resistances and 
for measurement of current. 

COMPARISON OF EMF’s : As stated in the foregoing 
paragraph, let a cell of emf Ej be balanced at a length of 
the potentiometer wire and a cell of emf E^ at a length /j 
under the same condition existing in the driver cell circuit. 
Since the emf of a cell when balanced over a potentiometer 
wire is proportional to the balancing length, so 

DETERMINATION OF E.M.F. : Let i be the current 
through a potentiometer wire and p be its resistance per unit 
length. If a cell of emf E is balanced at a length I of the 
wire then E = Up. 

In order to make the arrangement more sensitive the current 
through the wire is kept as low as possible, so that the balan- 
cing length is increased. This may be done by an adjustable 
resistance joined in series with the potentiometer wire. But 
if by such an adjustment i becomes too low, the total drop 
of potential iLp, over the entire length (L) may be less than 
the emf of the cell under measurement and a balance point 
will not be obtained in such a case. 

MEASUREMENT OF CURRENT ; Let a low resistance 
of known value r be included in the circuit, the current in which 
is to be measured. The positive terminal of the resistor is 
joined to the positive end of the potentiometer wire (both of 
these may be negative as well) and the other terminal of the 
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resistor is connected to the slider through a voltage sensitive 

galvanometer. If i be the current 
through the resistance r, the poten- 
tial drop between its ends is ir. Let 
this be balanced at a length I of 
the of the potentiometer wire carry- 
ing a current /. If the resistance 
per unit length of the potentiometer 



B 

Fig. 1-23 
wire be p, then 


i'‘ = Ilp‘= 11/ 


ir 

E 


R is the resistance of the potentiometer wire of length L. 

So r=4- /-./? 

I 'L 

I may be measured with an ammeter inserted in the driver 
cell circuit or calculated from a knowledge of the emf of the 
driver cell and the total resistance in the circuit. 

Alternatively, a standard cell of emf E (as shown in fig. 
1’23) may be balanced under similar conditions and if the 
balancing length in this case is /q, then 

' or i 

lo r 

This method gives an accurate value of /. 

COMPARISON OF LOW RESISTANCES ; If the same 
current i flows through 
two resistances and 

the potential drops 
across each of them (/r| 
and i>a) are proportional 
to their resistances. Hence 
a comparison of potential 
drops provides a method 
for comparison of two 
low resistances. This may Fig, i'24 

be done with a potentiometer. A circuit is made with the two 
resistances under investigation in series with a cell. A poten* 
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tiometer is set up with proper arrangement to connect the two 
terminals of the two resistances in turn with the potentiometer 
circuit, (fig 1’24). The lengths of the potentiometer wire balanc- 
ing the potential drops at the ends of the two resistances 
are obtained in separate observations but under the same 
condi tions existing in the driver circuit. If and are the 
lengths balancing the potential drops and /r, respectively, 
then 


"i , or Ci 
11*2 ^2 ^2 ^2 


R, 


Note : When a potential drop across a resistor due to a 
current flowing through it is to be measured, it is to be provided 
with two pairs of terminals current and potential leads. Through 
one pair (C^, C* in fig. 1*25) 
the current enters and leaves 
and by connection with the 
other pair (Pi, Pj) the potential 
difference at the ends of the 
resistance of particular value 
is measured. The resistance 
considered in potential drop 
resistance encountered by the 
leads. 


R 

Fig. 1-25 


measurements is actually the 
current between the potential 
Hence in standard resistances the potential leads are 
to be accurately joined between the points giving the exact 
resistance specified. 


MEASUREMENT OF BATTERY RESISTANCE : The 
emf of the battery is balanced against a length l^ of the poten- 
tiometer wire when there is no resistance across the battery, in 
other words, when the battery is off* load. A known resistance 
R is then placed across the battery terminals and let a balance 
be obtained under this arrangement at a length /,. 

Where the battery is loaded, the potential drop (V) across 
the load is given by V=E—iRB where i is the current through 
the load and Ra is the battery resistance. 
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Again i= V/Ji, so 

or Rb = . R 

Since E and V are proportional to and /g, so 

Rb = . R 

■^2 


EXERCISES ON CHAPTER 1 

I-l. Discuss the process of flow of electric current through 
a solid conductor. Obtain an expression for the resistance 
of the conductor from the idea of drift of charge through it due 
to an electric fleld. 

If I be the current density in a conductor, show that 
div 1=0, if there be no source or sink in the circuit. 

1-2. State and explain Kirchhoff’s law for the distribution 
of current in a network of conductors. 

A 4-volt battery with 4 ohms resistance in series is joined 
in parallel with a 8-volt battery having 12 ohms resistance in 
series. The combination is applied to send a current through 
a load of resistance 8 ohms. Calculate the currents in all the 
three branches. 

\.Ans : jftr, A amp] 

1-3. State the laws governing the distribution of current 
in a network of conductors. 

Four wires each having 1 ohm resistance are joined one after 
another in a quadrilateral symmetry. The diagonal points are 
joined by two cells respectively, each of emf 1 volt and 2 ohms 
internal resistance. Show that no current flows through one pair 
of conductors forming the opposite sides of the quadrilateral. 

1-4. Twelve sihiilar wires each of resistance 1 ohm are so 
joined as to form a cube. If the terminals of a source of tmf 
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are joined to the two adjacent corner points of the cube, 
calculate the equivalent resistance of all the conductors in 
the cube. 

Hints : The distribution of 

current is shown in iig. 1*26. It 
is obtained by considering the pairs 
of paths (AEFB, ADCB). {AE, FB) 
and {AD, CB) as similar. Solve 
for li, ia and /g by applying Kirch- 
hoff’s law in meshes AEFB, CDtIG 
and Ohm’s law in the resistor AB. 

Obtain the main current. The F’S- 1*26 

equivalent resistance is equal to applied em//main current. 

[Ans : ohmj 

1-5. Obtain the best arrangement of a number of cells 
grouped to form a battery. What is meant by ‘lost volt’ in a 
battery ? 

A battery of emf 6 volts and O’ 5 ohm internal resistance is 
joined in parallel with another battery of emf 10 volts and 
internal resistance 1 ohm. Calculate the current through an 
external load having a resistance 12 ohms and obtain also the 
currents in the respective battery circuits. 

[Ans : 0-595, 2’865, - 2’27 amp] 

1-6. An accumulator is to be charged from a 200-volt 
mains. The charging current necessary is 4 amps. Show how 
would you use several lamp resistances (200 volt-100 watt) to 
obtain the requisite current from the supply mains. 

[Ans : 8 lamps in parallel joined in series with the mains] 

1-7. Three cells having the following specifications are 
joined in parallel. The middle one is in opposition to the other 
two. Calculate the current through each cell and the terminal 
voltage. 

Cell A : 2 volt— 4 ohm. Cell B : 1 volt— 3 ohm. Cell C : 
4 volt— 2 ohm. is. i*jr, iS amps ; H volt] 

1-8. Find the condition for balance in a Wheatstone’s net 
and obtain an expression for the current through the galvano- 
meter when the bridge is out of balance. 
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1-9. Give the theory of the Wheatstone bridge and 
deduce the condition for having the most sensitive arrangement 
of placing the battery and the galvanometer. Discuss the 
difficulty with such an arrangement meant for best sensitvity. 

I-IO. In a Wheatstone bridge arrangement the four resis- 
tances in the four arms AB, BC, CD, DA are respectively 1000, 
10, 4, 50 ohms. The resistance of the galvanometer connected 
across BD is 20 ohms. Calculate the current through the 
galvanometer when a potential difference of 10 volts is main- 
tained across AC. [Am : amp.] 

T-11. Discuss the best value of resistors in the arms of a 
Wheatstone bridge giving the maximum sensitivity. Is the 
value of the galvanometer resistance in any way important in 
this respect ? 

1-12. Give the theory underlying the working of a Kelvin 
double bridge. What are its advantages ? 

1-13. What is a shunt ? Describe the principle underlying 
the working of Ayrton-Mather universal shunt. What are 
its advantages ? 

1-14. Why is a Post Office box unsuitable for measuring 
low resistance ? Give the theory of the potentiometer and 
show how it may be used for the comparison of two low 
resistances. 

1-15. What are the sources of error in measurement with a 
metre bridge ? How- are they eliminated ? What is the advantage 
of having a null point in the mid-portion of the wire ? 

1-16. Discuss the theory of a Potentiometer. State how 
you can measure current with a potentiometer. 

1-17. Describe Callendar and Griffth’s bridge and its 
application in obtaining the resistance of a platinum thermo- 
meter. 

1-19. Explain how a potentiometer may be used to obtain 
the resistance of a battery. 

1-20. Discuss the effect of (a) temperarure, (b) incident 
light, (c) magnetic held on the resistance of a conductor. 



CHAPTER H 


ELECTRO-MAGNETISM 

II-l. MAGNETIC EFFECT OF CURRENT 

Laplace’s Law : This law was formulated about 1820 as a 
working hypothesis and may be stated as follows : 

The intensity of magnetic field (8H) produced by a short 
segment (Ss) of a conductor carrying current i at a point at a 
distance r in a direction 6 is found to be related to the different 
factors as shown below, 

r® 

„ , i. 8s. sin $ 

or oH = k. 

r^ 

k being considered as a constant. 

The direction of the field is Fij. 2 1 

at right angles to the plane containing the element and the 
point considered. Its sense being determined by the cork-screw 
or thumb rule. 

By suitably fixing a definition of unit current measured on 
the basis of its magnetic effect the constant k in the above 
equation may be made equal to 1, and if the strength of the 
current is measured by this unit (electro-magnetic unit defined 
hereafter), the magnetic field produced by a current element 
may be calculated as 

I rF /■ • sin 8 

SH 

or 8H =~L[Ssxr} 

This relation showing the magnetic effect of current is also 
known as Bio-Savart's law. 

Electromagnetic unite : Based on the principle of measure- 
ment of current by its magnetic effect, there is a system ol 
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electrical measurement called e. m. units. The fundamental 
units are defined below. 

E. M. UNIT OF CURRENT is defined as that current 
which when flowing through a conductor one centimetre in 
length bent into an arc of a circle of one centimetre radius 
produces a magnetic field of intensity one oersted at the centre 
of the circle. 

AMPERE, the practical unit of current, is one-tenth of 
c. m. unit current. It is called true ampere. 

E. M. UNIT OF CHARGE is measured as the charge which 
passes in one second through any cross-section of the conductor 
carrying one e. m. unit current. 

COULOMB is one-tenth of e. m. unit charge and is actually 
the charge carried by one ampere in one second. 

E. M. UNIT OF POTENTIAL : Two points in an electric 
circuit are said to have unit ( e. m. u. ) potential difference if in 
the transference of one e. m. unit of charge between then the 
energy involved is one erg. 

If in the transference of one coulomb of charge between 
two points in an electric circuit the energy involved is one 
joule, the potential difference between the points is said to be 
one volt (true volt ). This is the practical unit of potential. 

1 joule=10’ ergs and 1 coulomb=10'^ e. m. u. of charge, 
hence 1 volt= 10* e. m. units of potential. 

Ampere’s theorem : Ampere in 1823 formulated a law 
concerning the fact that a steady current flowing in a closed 
circuit produces the same magnetic field as a magnetic shell of 
certain specifications. Ampere’s theorem of equivalent magnetic 
shell is stated as follows : 

Every conductor carrying a current (so far as its magnetic 
effect is concerned) is equivalent to a magnetic shell whose 
bounding edge coincides with that of the conductor, the strength of 
the shell (its magnetic moment per unit area) being proportional 
to the strength of the current. 

If or is the strength of the equivalent shell and i is the stren- 
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gth of the current, then according to Ampere’s theorem a=ki. 
By defining the e. m. unit current as the current which produces 
at any point the same magnetic field as is produced by a 
magnetic shell of unit strength and of same boundary as the 
conductor, we may write 0 =^ 1 , k being 1. 

It should be noted that the two definitions of e. m. unit 
current, one from Laplace’s law, the other as realised by 
Ampere’s theorem, actually refer to the current of same strength 
and as such the two units are identical. 

Equivalence of a magnetic shell and an electric circuit Is 
restricted by two provisios : ‘(i) the point at which the field is 
to be obtained must not be inside the material of the shell and 
(ii) in a magnetic medium of permeability /x, the equivalence 
is to be obtained as ct=: /ut. 

Equivalence is further bounded by the rule that if to an obser- 
ver the current in the conductor appears to flow anti-clockwise, 
he will consider himself facing the north pole of the- shell. 

Circaital form of Ampere’s theorem : Since a conductor 
carrying current is associated with a magnetic field around it, 
work is necessary to carry a magnetic pole round the conductor. 
Ampere’s circuital theorem expresses 
the magnetic effect of current in 
terms of this work. This is also 
called as the circuital form of 
Laplace’s law. 

Let AB be a closed circuit in 
which a steady current i flows. The 
surface of an equivalent shell is 
shown in broken line (fig. 2'2). Let 
C be a closed path linked with the 
circuit and Pi, are two points 
very close to one another respectively 
on the positive and negative sides of the shell. Let to^ and w, be 
the solid angles subtended by the boundary of the shell at these 
points respectively. Then the magnetic potentials at P^ and 
P, are QP^ = ia)^ and PP.^ — iw^. 
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Work done in going from to with unit magnetic 
n-poJe measured a$ the increase in magnetic potential is 

Let the points f ^ and P^ approach each otlier. In such a 
case the sum of the solid angles AP^B and becomes 
more and more nearly equal to the solid angle subtended at a 
point by the whole of a sphere surrounding the point, that is 
to 4ff, Hence when P^ approaches P^ to coincide, (w^+w,) 
becomes equal to 4ir. Therefore the work done in carrying 
unit pole round a closed path linked once with the circuit 
carrying a cu'rent is 4ifi. If the path is traversed «-times, the 
work amounts to A-nni. As such the magnetic potential due 
to a current becomes a multi-valued function. This is quite 
logical since threading by a magnetic pole changes the condition 
of the circuit and a new state of affairs appears every time 
the pole circulates the circuit. 


Line integral of magnetic field : The work done in carrying 
unit pole along any path in a magnetic field from one point to 

another is called the line integral 
of the field between the points. 
If the strength of the field at any 
point of the path be H and 9 
its inclination to the path, the 
component ofthe force on a pole 
acting along the path is Hcos9 and the worK done in carrying 
it along an infinitesimal distance ds is HcosO.ds. So the work 
done in carrying unit pole between two points A-B is 



J Hcos6.ds. If the path is a closed one linking once with 

A 

the current /, this work as shown before, is Ani, hence 

/« cos 6.ds = 47ri 
0 

the symbol J . means line integral round a closed path. If 

O 

the path is not linked with any current J Hcoi9.ds = 0. 
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Expressed in vector notation, the line integral of a magnetic 
field round a closed path linked once with a current i is 

J H. rfs = 4irj 

O 

The line integral of a field round a closed path enclosing unit 
area inside the conductor is obtained as curl of the field, so if 
I be the current density 

Curl H = Arrl 

n>2. MAGNETIC FIELD DUE TO A CONDUCTOR 

Applications of Ampere's theorem acd Laplace's law : The 

magnetic field due to conductors of different forms carrying 
current may be obtained by the application of either Ampere’s 
theorem or Laplace’s law. That these two have the same 
physical significance may be realised by solving a problem by 
applying the two methods separately and obtaining the same 
result. 

Magnetic field doe to a linear current ; Consider a straight 
infinitely long conductor carrying i (c. m. u. ). We shall obtain 
the field at any point P, at a distance r from the conductor. 

BY AMPERE’S THEOREM : By symmetry the magnetic 
field has the same magnitude at all point on a circle of radius r 
passing through F (fig. 2‘4) having its centre on the axis of the 
conductor. If H be the field at P, then bv circuital theorem, 
remembering that ds is everywhere at right angles to H, 
we have 

4ni == J" H. ds ~ hJ' ds InrH 
o o 

Hence 

r 

Let the conductor be of radius a. If 
the point at a distance r from the axis 
of the wire is so that 0 < r > n, the 
current linked with the circular path through a is ir*/f*. 
Hence by Ampere’s circuital theorem. 
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^ H.ds = litrH 

o 


a 


Antr* 


BY LAPLACE’S LAW 
carrying a current I and ab 



t Let AOB be a linear conductor 
any portion of it of length 81. The 
held due to this element at a 
point P at a distance x from it 
where the direction of P makes 
an angle 0 with ab, is given by 

8H = ^ 

X* 

As shown in the diagram 
(fig. 25) if Oa=l, ab»-8l, 
OP=r, the perpendicular distance 
of AOB from P, l=r cot 0, jf=sr 
cosec 0 and 8/=—*. SB. cosecB 


Hence '> cosec«tf.89. s in g _ _ i 

cosec 0 r 

For a conductor of finite length if P makes an angle 0^ 
and 6^ with the ends of the conductor, by integration 

H — sinS. dS= -^J^cos — cos 
^2 

Writing <=0^^ and P=7t^0^, as shown in the sketch, 

H = cos < f cos 

For an infinitely long conductor <=|3=0, hence . 

Magnetic field due to a drcnlar current : Field at any point 
on the axis of a circular coil of radius a and carrying a current 
I ( e./w.M ) is obtained as follows ; 

EQUIVALENT SHELL METHOD : Since the magnetic 
potential at any point due to a shell of strength subtending 
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a solid angle <0 there, is given by V=<f>w, so the magnetic 
potential due to a closed circuit through which a current i is 
flowing will be K=/a>. In particular position with respect to 
the circuit, w can be calculated geometrically. 

The solid angle subtended by a circle at a point (P) on 
its axis is 27r(l-cos 6), where S is the angle subtended by any 
radius at P. If r is the dis- 
tance of the periphery from P, jc 
is the distance of P from the 
centre and a is the radius of 
the circle, then 

r^ = a^+x* 

Hence <0 = 27 rr 1 — ^ 1 

L Va*+x‘^i Fig. 2*6 

So F= lai=27r/j^l — j 

Since H= ^ 

Field at the centre of the coil, where x=a, is 

a 

BY APPLICATION OF LAPLACE’S LAW ; Consider an 
clement Ss of a circular coil at A, the coil being regarded as 




Fig. 2.7 

placed at right angles to the plane of the paper. The intentitjr 
of the magnetic field at P due to thk element acts at right 

C. E.— 4 
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angles to AP and is in the plane of the paper. Its magnitude is 
given by 

r* 

Since the angle between Ss and r is SW makes an angle 

) with the positive direction of OP. Resolving 8/f into 

two rectangular components and 8Hy along and at right 
angles to OP, we get, 

and 8Hy=—y°~i 

By considering all such symmetrical pairs of elements into 
which the circular conductor may be divided, we get 




^sin ^ 27 O^lira'H 

fi v3 


and /fy = = 0, because of the fact that the components 
at the ends of a diameter arc equal but mutually opposite. 

Thus the field at any point on the axis of a circular coil 
is*directed along the axis and is given by 


Field at the centre of the coil, H= — 

a 

Field inside a Solenoid : Let AB (fig. 2*8) be the axis of a 
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short solenoid of length /, radius a, having n turns per unit 
length. Let i be the current (e.m.tL) flowing in each turn. 

Consider a small element 8x at a distance r from a point 
on the axis. This element may be regarded as a circular coil 
consisting of n,8x number of turns and field due to this at P is 
given by 

^j_2nnaHhx 

,.3 

As shown in the sketch, 

r&9=hx sin 9 


So 


r® sin 9. 


Since - = sin^, H=^liTni^m9,h9 
r 

For the whole solenoid, if 9^ and 9^ be the angles subtended 
at P by the extremities, 


sin 9.d0=2iTni [costfi— cos^a] 

If the solenoid is long and of small diameter amounting 
to an infinite solenoid, so that ^^ = 0 and 9^=rr, the field at 
any point inside the solenoid is given by H=4TTni, 


Further, by expressing cos^^ and cos^a in terms of the 
distances of P from the two ends, written as x and (/— x) 


)//=27Trt/T 


l-x 


] 


V(l-xy + a' 

At the centre of the solenoid 2 ’ 
so field at the centre, H=2ir/H‘ — 

V'r» + 4a« L ' J 

If / -*- 35, ^=4tr«f. 


Ampere-turns : When the current through a solenoid is 
expressed in amperes, the product of the total number of turns 
and current (i.e. nli) is called the ampere-turns of the solenoid. 
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Magnetic Potential on the axis of a Solenoid : The solid 
angle subtended by a small circular element Sx at a point f on 
the axis is 2it(1— cos 0), where 0 is the angle subtended by 
any radius at P. If the coil carries a current i ie.m.u) the 
potential due to it at P is 

8 P= 2nni.Sx( 1 — cos 0) 


= 2nni~(l-cos0), 

SlTlu 


or BV=2‘nma 


/ I— cos 0 .S$\ 
\ sin*^ / 


since r.8fl=8jc,sin 0 


since a=r sin 0 


The potential due to whole solenoid is given by 
V=2itnia\ 1— cosd 




sin®6 


or 


F=2wn/a j^— cot tf-fcosec 


or V=2nnia 




— co s gg 
sin 0„ 


1 

1 — COS 




sin 0^ 

Magnetic field doe to a toroid : If a solenoid is bent round 
so that the two ends meet and its axis forms a circle of radius 
r, we have an endless solenoid in the form of an anchor rine 
also called Rowland ring or a toroid. Let H be the field at 
any point on a circular path inside of 
length equal to 27rr and having its centre 
on the linear axis of the ring. The line 
integral of the field along this circular 
path is ItttH, Hence applying Ampere’s 
Circuital theorem, we may write 
lirrH— 4v{27rrni) 

^^ 8 * 2*9 Qj. H=4^ni 

The field external to the toroid, which however arises due 
to leakage of magnetic flux is negligibly small. 



ILLUSTRATIVE EXAMPLES 

1. A conductor in the form of a regular hexagon of side 
cm. carries a current of 2 amperes. Calculate the field ca 
the centre of the hexagon. 
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Solution : Field due to a straight conductor is given by 
the equation 


H= * - (cos <+cos |S ) 

Let us first obtain the field at 
the centre to the conductor AB. 

AB=AO—4'\/^ cm. 

<=/ 5 = 60 ’ 

OP=AP tan 60* - 6 cm. 

Hence 

The field is directed perpendi- 
cular to the plane of the paper ^*8- ^ 

and acts upwards if the current is anti-clockwise round the 
hexagon. The magnitude and direction due to other sides are 



same as this. 


Hence the resultant field is ^=0*2 oersted. 


2. 4 flat circular coil having 100 turns of mean radius 
16 cm. is set with its plam vertical and making an angle 3(f 
with the mignedc meridian. Calculate the current that must be 
passed through the coll so that a magnet sus tended at Its 
centre is urged to set it at right angles to magnetic meridian, 
{H—O 'il oersted) 


Solution : As shown in the sketch (fig. 2* 11) the field H 
due to the coil makes an angle 60* with the earth's field (^o)* 
If the magnet be in equilibrium in a position perpendicular 




to 

the magnetic 

meridian, then 



Ho 

=// cos 60’. 


He«s6o\ * i 
\ 

r 

^ _ lirni lirni COS 60* 




a 

a 




aHf, 

_16x0-37x2 



or 

l — ® ; 

Inn cos 60* 

2nX 100 

Fig. 

211 

or 

i=0'88 ampere. 



3. Two solenoids each of radius 8 cm. and length 9 cm. 
having 34 turns per centimetre are placed co axially with a gap 
of 12 cm, between them. Calculate the field at the centre 
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of the gap when a current of 2 5 amperes flows through the two 
solenoids in series producing a cumulative effect. 

Solution : The field due to a solenoid is given by 

=277/11 [cos^i— cos^j] 

The two solenoids 
produce equal fields in 
the same direction. Hence 
9 cm |Q e. o "1 the resultant field is 

twice that due to a single 
solenoid. So the field is 
obtained as shown. 

-'S cos*. ‘ 

V8- + 15S ir ■ V8i+6. 10 


8cn 


8 

c 

0a 


d' ^e, o 

R 

Fig. 

2*12 


cos*,-^- 


Therefore //= 2 x 2ir x 34 x 0 25 x = 30 87 oersteds. 


1II-3. ACTION OF MAGNET ON CL'RRENT 

Force on a Conductor in a Magnetic Field : Laplace’s law 
expressed symbolically as S//= gives the magnetic 

field produced by a short segment of a conductor. The force 
exerted on a pole m by such an element is given by 

r* 

By Newton’s third law of motion the element would 
experience an equal and opposite force for being placed in a 

field due to the pole. It may be considered that ^ is the mag* 

netic induction (B) due to the pole at the position of element 
of the conductor. Hence the force on a conductor of length 
in a field of induction B is given by 

8F = B.i. sin0.S.v 
or 8F — j[Bx8s] 

8F acts at right angles to the plane containing 8s and B. 

This expression may be deduced independently. 
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Consider a circuit ABC in which a current i is flowing, 
placed at a distance r from a pole of strength m kept at a 
fixed point P, ^ p 

Let the circuit be dis- ^ 

placed under the action of 
the magnetic field always 
remaining parallel to itself, 
through a distance Sx and 
occupy a new position 
A*B*C\ Work is done by 
the displacement and this 
causes an equal amount of 
change of potential energy 
of the system comprised of 
the pole and the conductor. pjg 2 J 3 

If F is the force acting on unit length of the conductor, 
F. hs is the force on an element cb of length hs acting in the 
direction of the displacement, which makes an angle 4> with 
ab- The work done on the element is F,bs,Bx and for the 
whole circuit the work is given by 

F.6s,bx 



Again, the change in potential of the circuit due to changed 
position is calculated as (current x change in solid angle). The 
area swept out by Ss is Sj'.Sx.sin The area normal to the 
direction of P is S.v.Sx.sin <(>. sin where 0 is the angle made 
by Sr with the direction of P. 

Change in solid angle due to the shift of hs is 

normal area swept out by 5y __ 8s. hx. si^^. sii^ 

__ 

Change in the solid angle considering the whole surface is 
Ss. Sx. sin 0. sin ^ 

* 4 .- 1 • 8s. 8x. sin 0. sin ^ 

Change m potential = i.E — - 


Since the pole is of strength m, the change in potential 
energy of the system is given by 



56 


CURRENT ELECTRICITY 


W^mi S sin 0 

Equating this to the work done by the force, we get 

F. Sf. 5x. sin sin 0. 

r® 

or, F= Bi.Ss. sin sin 9 

B is the induction in the region of ABC due to pole m. 

The force becomes maximum for a given value of 9 if 
if) — 90\ Since the change in potential energy in any system 
always tends to be maximum, the effective force will be Bi sin P 
per unit length and at right angles to ab. For a similar 
reasoning the angle made by the direction of displacement with 
the direction of the magnetic field i.c. with r is also 90°, since 
for a given displacement in any direction the work done is 
greatest when the solid angle subtended by the circuit is 
changed most for that displacement. Hence the direction of 
the resultant force is at right angles to the plane containing the 
element of the current and the direction of the magnetic field. 

Alternative method : Potential energy of a magnetic shell 
in a magnetic field is given by (strength of shell x total flax 
through it). For a closed circuit carrying a current i, the 
strength of the equivalent shell is i and so the potential energy 
is N.i , where N is the total flux through the circuit due to the 
field in which it is placed. 

Let an area of surface enclosed by a conductor carrying 
a current i be s. Let it be displaced by a force F acting on 
it in the field and let S' be the area of the field occupied by 
it in the new position. Suppose JV and N+S/V be the flux 

through the surface in its two 
positions respectively. So the 
decrease in potential energy is 

Consider that a small length 
8s of the conductor is displaced 
through Sjc by the force due to the field sweeping out an area 
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SsxSx. Imagine the volume of space enclosed between the 
two areas S and S' and bounded by the surface JCSsxSx. The 
total normal induction over the surface enclosing the volume 
consists of three parts, the induction through s, s' and S 8%x Sx. 
The first two are as stated before M and N+8N. To find 
the third we may proceed as follows. 

If B is the magnetic induction at 8s^ the flux through area 
osk8x is B.SsxSx. Considering the rules involving triple 
scalar product this may be written as BxSs.Sx. Hence the 
flux of magnetic induction across the surfaces swept out by the 
shell is given by 

Bxdfi.dK^^ r/x=Sx. j^Bxds 

o o 

indicates integration round the periphery of the shell. 

Therefore the total normal induction over the volume under 
consideration is 

(f>f+SN)-N + Sx. I' Hxds 

This is zero by Gauss’s theorem. Hence 

SN=-Sk BXt/s 
*0 

As stated before, the change in potential energy is i.8M and 
substituting for 8N, this change may be written as 

— L 8x J B X di* 

o 

Equating this with the work done by the total force F acting 
on the shell 

F. 8x = — i. Sx. J Bxds = i. Sx, j^dsxB 

o o 

Hence F = / j^dsxB 

o 

This expression suggests that the total force F on the circuit 
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is the same as if the force on each element 83 is expressed 
as SF=/[ 8 sxB]. SF is normal to the plane containing Ss and B. 

FLEMING’S LEFT HAND RULE : The quantities Fi,B 
and i are related to one another by a rule due to Fleming. 
If the thumb, forefinger and middle finger of the left hand 
are extended so that they are mutually at right angles and the 
middle finger is pointed to the direction of / (current), the 
Forefinger to the direction of field, the thuMb would indicate 
the direction of motion when the circuit moves due to the 
action of the field. 


Couple on a coil m a field ; Let a rectangular coil abed 
carrying a current i be placed in a field H, the normal to the 
plane of the coil making an angle 0 with the field. The force 
on each of the sides ad, be due to the 
magnetic field is of magnitude Hi I, where 
/ is the length of ad or he. The forces 
on the two sides are equal and parallel 
but mutually opposite and so they form 
a couple tending to rotate the coil so as 
to bring the normal of the coil in the 
same line as the field. The forces on the 
sides ab and cd are vertical and mutually 
opposite and as such they do not cons- 
titute a couple and contribute nothing 
towards rotation or motion. 

The moment of the couple is given by 
C=Hil w sin where w is the width 
of the coil. 

Since Lw=A, the area of the coil, hence 
C=HiA sin^. 



The couple varies with the position of the normal to the 
plane of the coil with respect to the field. The couple is 
maximum when ^=90". This happens when the plane of the 
coil is parallel to the field. If the field be radial one, the 
plane of the coil in all its positions remain parallel to the field 
and in such a case the couple is of constant magnitude HAi. 
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If there be n similar turns in the coil, the effective couple 
is nHAi. 

The same result is obtained by considering the equivalent 
shell of the coil. The couple acting on a magnet of moment 
M when placed with its axis at an angle 6 with the held H 
is MH sind. The magnetic moment of the shell equivalent 
to a coil of area A carrying a current i is Ai. So when the 
coil is in a field H, its normal (the axis of the equivalent shell) 
making an angle 6 with H, the couple acting on it is HAi sin 0. 
In a radial field this is HAi. It may be noted that the couple 
as calculated is irrespective of the shape of the coil. 




ni-4. ACTION OF CURRENT ON CURRENT 

Force between two straight parallel wires : A linear current 
i\ produces a field H=2\lr at a distance r from it in a 
direction perpendicular to its length. A second 
linear conductor carrying a current parallel 
to the first experiences a force 
per unit length. There is mutual attraction 
between them when the currents in the two 
are in the same direction and mutually opposite 
currents cause a repulsion. 

Two circular coils mutually at right angles : 

Let AB be the larger coil of the two (fig. 2*17) 
having a radius a and carrying a current i\. 

The other coil CD is small in size and is in 
the central portion of AB, It is the area 
of CD and i, the current in it, its magnetic 
moment is </•. 

2^3 

a 


...J 

B 0| 
Fig. 2 16 



The field due \o AB at its centre is 


Fig 2*17 
Co-axial coila : 


CD experiences a couple tending to 

rotate it so as to bring it in the same plane as 
AB. When the coils are initially inclined to each 

other at an angle 0, the couple is sin 0 


Let two circular coils, of very nearly the 
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same radius and carrying currents and /, respectively, 
be placed at a small distance x apart. 


The force on unit 
respectively, considering 



Fig. 2*18 
Force 

AC 


length of either, say A and C 
a small element as a straight 

conductoris in the direction 
AC 

of AC. The components of 
this normal to the axis taken 
all round the periphery of the 
coils mutually cancel and the 
components parallel to the axis 
add up and may be obtained as 

for unit length. 


AC AC 

Considering the whole coil since the total length is hra^ and 
AC^=AE*A-CE^ = (a^-a^)*^x\ 


ATfi^ i^o^x 

('^ 1 — 0 *)*+^® r*+x* 

This becomes zero when x=0. i.e., when the two coils are in 


the same plane, 
occurs if 


This is maximum when — - 
r*+x* 


is greatest. This 


df X \_r*+x*-2;e*_ r*— x* 
(r*+x:*)* (r»+x“)* 

That is when x=r~ai - a,, 

The maximum force is given by . 


If one of the coils is very small (fig. 2‘ 19), this may be 
regarded as a magnetic shell of thickness and pole strength 
m per unit area. 


Force on its under face —H.m.ira^* 
Force on the upper facc= 
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The resultant force is the difference of these two forces and 


so it is given by Now 

mM is the magnetic moment per unit 
area of the equivalent shell and so it is 
equal to i^. Therefore the resultant force 
is given by 

dM 

Force = i«. — 

® ^ (ix 

Now H = 



A 0 B 

Fig. 219 




Therefore Force=— 

(fliMx*)’ 

When x=0, the force vanishes. It is maximum when 



II-5. CURRENT MEASURING INSTRUMENTS 

General Principles : Magnetic effect provides for convenient 
methods of measuring electric current. Magnetic field produced 
by a coil is proportional to the intensity of current flowing 
through it and again the magnetic effect may be applied to 
produce motion in a magnet. Conversely, a magnet may be 
used to cause force effect in a coil carrying current. Such 
contrivances form the basic principles of current measuring 
instruments, known as Galvanometers. Mutual action between 
current elements is utilised in dynamometer type of instruments. 

The principle underlying all electromagnetic measuring 
instruments is that the current carrying circuit tends to enclose 
iPfiY imiim flux when free to move in a magnetic field. In a 
moving magnet instrument the magnet turns so that more of 
Ms flux passes through the coil. In a moving coil instrument 
the coil moves so as to enclose as much as possible of the 
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flux due to the magnet. In a dynamometer the moving coil 
turns so that its magnetic field adds up to that of the fixed coil. 

Tangent Galvanometer : The magnetic field at the centre 
of a circular coil carrying current i (e.m.u.) having n turns 
each of radius a is given by H^lnnila. This equation is 
used in a Tangent galvanometer to measure current. 

At the centre of a circular coil there is a suspended or 
pivoted magnetic needle free to rotate in a horizontal plane 
about a vertical axis through its centre of gravity. The magnet 
is of short length. This is necessary to obtain that the needle 

moves in a uniform field 
at the central region. 

The coil is placed in 
the magnetic meridian. 
When a steady current 
passes through the coil, 
a magnetic field (H) is 
produced at right angles 
to the earth’s horizontal 
field (Ho). The needle 
is as such subjected to 
two fields, which are 
mutually perpendicular. 
If ^ is the deflection of 
the magnet from mag- 
netic meridian, then by tangent law 
H^Ho tan 0 

or ^^-- = //otan^ 
a 

or i = ^^tan 0 = ^ tan 0. 

2irn G 

G stands for Inn'a, called the galvanometer constant. 
Writing HolG=K, i=K tan 0. This constant K is called the 
reduction factor. If the current is to be obtained in amperes, 
i should be equated to lOAT tan 0. 
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The deflection is observed by means of a pointer attached 
at right angles to the needle and moving over a circular scale 
graduated in degrees. If the constants involved in HdG are 
obtained, the instrument may be used for absolute measurement 
of current in e.m. units. But it is difficult to measure the 
constants with precision. 

Sefjsitivity : If a small change Si of current produces a 

SO 

change SO in deflection, then - - is a measure of sensitivity and 

Ol 

for better working this should be large. In the limit 

Si {Ji 
i=K tan d 
iIi-=K sec^e.dd 

dd cos*-0 

or — = — 

di K 

dO 

tends to be maximum as cos^-^1. This means that the 
di 

instrument shows better sensitivity when the deflection is 
small. 

Greatest Accuracy : If 80 be an error in reading the deflec- 
tion, let the corresponding error in the calculated value of the 

Si SO 

current be Si. Then - is the Iractional error and so ° is a 
i Siji 

measure of accuracy. For good working should be small 

and so ^ f - should be maximum. In the limit and so 

01 Sj di 

. n cos-0 I 

I tan 0. = J sin 20 

di K 

Accuracy will be greatest when sin 29= 1, i.e. when 9=\ Hence 

4 

for accuracy it is desirable to keep the deflection as near as 
possible to 45“. 

HELMHOLTZ DOUBLE COIL GALVANOMETER : In 
the ordinary tangent galvanometer as described, the magnetic 
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needle however short does not move in uniform field. Further, 
the field at the centre of the coil may not be same as the field 
in the region where the poles of the magnet are placed in any 
deflected position. To remove this difficulty Helmholtz designed 
a type of tangent galvanometer in which two circular coils are 
so placed that their axis coincide and the centres are separated 
by a distance equal to their common radius. The magnet is 
suspended at a point midway between the coils on the common 
axis, where, as shown below, the field is practically uniform. 

The variation of intensity of field 
along the axis of a circular coil may 
be represented by the curve shown 
(Fig 2*21). It is observed that 
a small portion of the curve is 
straight which means that at 
some distance from the centre of 

djj 

the coil — is constant. This dis- 
dx 

*’*8" 2‘21 tance is obtained as show n below. 



We have, 

= K ^ , writing K for 2vnu*i. 

So 


If 


— = constant, 
dx 


d*H 

dx^ 


= 0 


Hence we get x- . 

In the arrangement made with two coils, as stated, the field 
midway between the coils should therefore be uniform, as the 
increase of field due to one is compensated by an equal decrease 
due to the other. The coils are of same dimensions having the 
same number of turns and these are connected in series in suoh 
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a way that they produce the field in the same- direction. The 



Fig. 2-22 

field due to a coil of n turns each of radius a, carrying a current 
i, at a point on the axis at a distance xr from the centre is 

27Tna^i 

If there are two coils producing field in the same direction 
and if x= ^ , 


H= 


22nni 

5^Ta 


For equilibrium in mutually perpendicular fields (one of 
em being Ho, due to earth’s horizontal intensity), if 0 be the 
shift of magnet from the direction of //„, we have 


Slirni 

5\/5a 


= //otan^ 


ori=?y5 

32 


7T/I 


tan 0=Ktantf 


where iST - 

32 rrn 


C. E.— 5 
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Saspended coil galyanometer : By Ampere’s theorem a closed 
coil of n turns each of area A (effective area is nA ) when 
carrying a current i (e.m.u.) has a magnetic moment M—nAi. 

When placed in uniforin field of intensity with its axis 
(i.e. normal to the plane of the coil) inclined at an angle with 
the field, the coil experiences a couple nAiH sin tending to 
bring the axis in a line parallel to the field. If however <^=90®, 
the couple reduces to nAiH. 

A rectangular coil containing a good number of turns is 
suspended with a phosphor bronze (P) within the cylindri- 
cal pole pieces of a U-shaped permanent magnet (Fig 2‘23). 
When a current flows through the coil a couple acts on it and 
causes it to rotate until the twist in the suspension produces 
an equal and opposite torque. To make the deflecting couple 

as strong as possible, the number of 
turns in the coil is increased and 
the field is made strong. Moreover, 
in order that the plane of the coil 
may in any deflected position re- 
main parallel to the field, the field is 
made radical (fig 2*23b) by inserting 
a cylindrical piece of soft iron inside 
the coil midway between the pole 
pieces. The current enters the coil 
through the suspension strip and 
leaves through a fine spring below 
the coil. This spiral spring also 
exerts a small restoring couple oy 
the coil. 

Let 0 be the steady angular 
deflection and be the couple in the 
suspension strip due to unit twist 
(in radian). In equilibrium positioa 
the restoring couple cO is equal lo the restoring couple, so 
nAHi=cd 



Fig. 2-23 


or 


I = 


nAH 

so 


i cc 0 
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That is the deflection of the coil is a measure of current. 
Deflection per unit current is Oji, which determines the sensiti- 
vity of the galvanometer. The expression - = shows that 

I c 

the sensitivity increases for greater number of turns, stronger 
4eld and larger area of the coil. 

The coil in this case is totally enclosed in a . arrow gap 
where there is a strong magnetic field and so this type of 
galvanometer is unaffected by earth’s magnetic field or any stray 
magnetic field outside. The rota 'on of the :oil is observed 
as the shift ot a spot of light reflected from a niece of mirror 
(Af) placed on the suspension strip. Let the spot of light shift 
through a distance d on a scale placed at a distance 0 from 
the mirror. When the mirror turns through an angle d, then 
as shown in sketch ( Fig. 2*24 ), 


tan 

29=^- 

n 



If 0 is small, 

29 J- 
' % 

A- . 

d 

f.e. 

9=t 

2D 

h D 

1 

Therefore 

? 

11 

Fig. 2 :4 



So i oz fL 


This type of galvanometer is better known as d'Arsonv il 
^ahamviieter. The coil instead of being rectangular may be 
circular as well and in such a case the soft iron piece inside the 
coil is taken in a spherical form. 

The figure of merit of a mirror galvanometer is the current 
ia amperes that produces a deflection of one millimetre of a 
spot of light reflected from the mirror of the galvanometer on 
a scale at a distance of one metre from the mirror. The smaller 
the number necessary for expressing the figure of merit, the 
more sensitive is the galvanometer. 

The current sensitivity of a mirror galvanometer is defined 
as the deflection in millimetre produced on a scale one metre 
away from the galvanometer mirror of a spot of light reflected 
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from the mirror by one micro-ampere current. A higher value 
of current sensitivity relatively indicates better sensitiveness. 
Current sensitivity is numerically the reciprocal of figure of 
merit expressed in micro-amperes. 

The voltage sensitivity is the deflection in millimetres to be 
obtained on a scale one metre away from the mirror of a spot 
of light reflected from the mirror when a voltage of one 
micro-volt is applied at the galvanometer terminals. The 
higher the number expressing the voltage sensitivity, the more 
sensitive is the galvanometer. 

If d is the voltage sensitivity, it is the defleetion produced 
by one micro-volt applied at the terminals. If R is the 
resistance of the galvanometer coil in ohms, the current in such 
a case is XfR micro-ampere. So 1 micro-ampere current through 
the coil would produce a deflection R,d millimetres. Hence 

Current sensitivity = Volti^ge sensitivity xgalv. resistance. 

Some authors define current sensitivity in same terms as 
figure of merit and they consider voltage sensitivity as the voltage 
required to obtain a deflection of one millimetre. According to 
these definitions. 

Voltage sensitivity = current sensitivity (fig. of merit) 

Xgalv. resistance. 

A voltage sensitive galvanometer used for null point deter- 
minations should have a low resistance coil. 


Factors controlling current sensitivity : The rotation of the 
coil by an angle 0 causes the shift of the spot of light by 20 
and if d is the deflection in millimetres of the spot on the 
scale at one metre distance from the mirror, then 

radian 


26 = ^- 
100 


or 9- 


jd 

■2(i00 


radian 


So 


_c6) 

iiAH 


or d 


eXt! 

lOOOnAH 

lOOOoAHi 


e.m. units 


mm. 


c 
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Shift of spot in millimetres produced by 10“ ® amp. i,e. 10“^ 
c.m. unit of current is 

^_ 2000/2>4/fxl0~'^ __ 2n/4/fxl0-* 
c c 

So current sensitivity is — mm. per micro-ampere. 

DEAD BEAT GALVANOMETER : The moving coil of 
a galvanometer is a suspended system and it is likely to 
oscillate when once displaced from its position of equilibrium. 
So when a current is withdrawn, the deflected coil would 
oscillate for a long time before coming to rest. In order to 
avoid this the system is so designed that its oscillations are 
quickly damped. This is obtained by winding the coil on a 
metallic frame. In such a case in course of oscillations in a 
magnetic field the frame forming by itself a closed circuit 
generates induced current in it. According to Lenz’s law this 
induced current opposes the oscillations. As such oscillations 
are soon stopped. This is known as e'ectr.o-mi^netic damping. 
Further, by short circuiting the oscillating coil (when the 
deflecting current has been withdrawn) by a shunt key closed 
across the galvanometer terminals, a stronger is caused 
to be induced in the oscillating coil itself causing electro^ 
magnetic damping all the more effective. 

REQUIREMENTS OF A GOOD GALVANOMETER : 
A galvanometer intended to work satisfactorily should (i) have 
a steady zero-position, ^ii) have very little effect due to tem- 
perature variation, (iii) have a robust construction and good 
insulation and (iv) be free from disturbing effects of dust and 
air currents. 

Steady zero is obtained better in "taut suspension’ where 
the coil instead of being suspended is stretched between two 
wires. Air-tight case protects the instrument from dust and 
air current. 

In portable type galvanometers the coil has either taut 
suspension or pivot movement. The control in a pivoted coil 
is due to hair springs. A pointer attached to the coil moves on 
a calibrated dial. 
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11-6. CHARGE MEASURING INSTRUMENTS 

Ballistic : This type of galvanometer is used 

to measure the quantity of charge circulating a closed circuit in 
a short interval of time. Due to flow of charge the coil receives 
an impulse and the throw is a measure of it. Tt is therefore 
essential that the whole of the charge circulates the coil before 
it starts moving. To achieve this a coil of high moment of 
inertia and slow motion is necessary. Such a galvanometer may 
be constructed either as a moving coil or as a moving magnet 
instrument. Oscillations are set up in a system subject to a 
restoring force proportional to displacement when it is given an 
impulse while at rest. But if there arc dissipative forces, the 
oscillations are damped. To measure the impulse correctly the 
dissipative forces arc to be minimised. 

MOVING COIL INSTRUMENT : In construction it 
resembles a suspended coil galvanometer described in the 
previous section (Fig. 2*23). 

Let H be the strength of the magnetic field in which a sus- 
pended coil or vortical length / and breadth b is placed. If the 
coil carries a current , the force on each vertical side of it is 
HiL If the current lasts for a time /, the impulse from start to 
finish is given by 

t i Q 

j Hli.clt=Hlji.dt = nij dq=Hlq 

O 

q is the total charge circulated through the galvanometer 
in time f. 

The morn int of impulse about the axis of suspension con- 
sidering that there are two sides, is 2Hl.\bq= Hlbq— HAq, 
where A is the area (/ x b) of the coil. If there are n turns each 
of same area, the effective moment or the torque applied 
is nAHq. 

If 1 be the moment of inertia of the coil and ca its angular 
velocity, the angular momentum is Iw. Hence according to 
second law of motion applied to angular velocity, we may write 
]w = naHq 


or u) 


nAHq 

"T“ 


(0 
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The syf^tem starts with a velocity <o and its initial kinctie 
energy is | This energy is completely used up in doing 
work in twisting the suspension through an angle S, the 
maximum and undamped throw. If c is the restoring couple 
for unit twist, is the couple in a deflected position <. The 
work done for an additional twist is 8ec. Hence the 
total work done when the deflection reaches 6 is 


W 


= J c<.dcc=:^ 


Hence, i /a>* = 4c^* 


or 


(ii) 


From (i) and (ii), 


or q 


% — 


c 




(iii) 


Again, if T is the period of oscillation of the suspended 
coil, then 




/ T* 
or — 

<-• 4ir» 


From (iii) and (iv) we get, 

r* c* 


9* = 


or q = 


4n^ 

Z ^ -e 

2n nAH 


e* 


T 


(iv) 


If expressed in coulombs, ^=10. 

ZTT nAH 

q can be calculated with the help of this equation if 0 U 

'T-* 

observed and — — the constant of the instrument is known. 
nAH 

For good working, the period should be large, at least 
10 seconds and c small. 
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MOVING MAGNET INSTRUMENT : A short magnetic 
needle free to oscillate is placed at the centre of a circular coM 
as in a tangent galvanometer. If G be the galvanometer 
constant, i.e. the field at the centre of the coil due to unit 
current in it and / the current through the coil at any instant, 
the field at the centre of the coil is Gi. If m is the pole 
strength of the magnet, the force acting on each pole is Gim. 
If the current flows for a time St the impulse is Gmi.St. The 
total impulse on each pole when the current lasts for an interval 
t causing the circulation of charge q, is given by 

t 

^ Gmi.dt = Gmq. 

O - 

The moment of the impulse on the magnet of length 2/ is 
Gmq,ll—GMq, where Vf is the magnetic moment (w. 2/) of the 
magnetic needle. 

If I is the moment of inertia of the magnet about its axis 
and o) its angular velocity at start, the angular momentum is 
fo). By applying second law of motion, 

[w = GMq 


or 


/2 


(i) 


The work done by the impulse in deflecting the magnet 
through an angle B from its position of equilibrium in the 
magnetic meridian is equal to the initial kinetic energy 
The work involved is obtained by considering the restoring 
couple due to earth’s field Hq, The couple on the magnet due 
to ffo aiiy deflected position < (with respect to the magnetic 
meridian) is MH Total work for deflection B is 
obtained as 



sin «c.(/oc= Af/foJ— cosocj ^A///<j(l— cos^) 


Hence 


or w* 


=M^o(l-cos^)= 


— -■■O'' 


(ii) 
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From (i) and (ii) =4 

I I ^ 

For a magnet oscillating in field H^, the period of oscilla- 
tion is given by 




mh. 


... (iv) 


From (iii) and (iv), q‘^ = 4.^*.:^“.sin“ | 

or q == -.11^. . sin-^ ^ 

TT 0 ^ 


This expression determines the charge q which causes a 
throw e in terms of and G. 

Damping of oscillations : The motion of a suspended coil 
or magnet is due to a restoring force proportional to displace- 
ment but it also experiences dissipative forces. Hence the 
motion is never purely simple harmonic, since the amplitude 
decreases with time. The dissipative forces are due to air 
resistance, frictional forces, elastic after-effect in the suspension 
and electro-magnetic damping. As such if 0^^ 0^, 03...be the 
successive deflections on either side observed at the end of each 
half period, these are found to be related as shown below, 

^2 

= =§, a constant. 


5 is called the decrement. Writing 6=e^, we get A -loggS . 

A is called the log-decrement. So the true deflection Oq, as it 
should have been in the absence of damping factors, is always 
greater than the observed throw 0. To obtain a relation 
between 0o and 6, we may consider that decrement in a com- 
plete oscillation (comprised of two full swings, one each way) 
may be expressed as 
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So for half-a-swing, = = and 

Thus considering the correction for damping the expression 
for (1 should be written for the two types of instruments, as 


II 

. . 0 
nAH 

(■^S) 

q=- . 

7T 

^ . sintf j 

'+ 5 ) 


where 0 is the observed first throw. 

Electro-magnetic damping is caused by opposing current 
induced in the frame of the coil if it is a conducting one. Even 
when the frame is made of non-conducting material, the motion 
of the coil itself (when in closed circuit) in the magnetic field 
induces current in it. This tends to damp the oscillations and 
bring the coil to rest. The induced i w/ is due to change in 
flux through the oscillating coil and this fluctuation of flux 

occurs in the coil even when it 
rotates in a radial field. This is 
because of the fact that the field is 
radial in the air gap, but it is not 
so inside the iron core (Fig. 2*25). 
So the flux through the coil changes 
as it rotates. The flux embraced by 
the coil (of length / and breadth b) when during oscillation its 
plane is shifted so as to make an angle 6 with *ts position of 
rest ( parallel to the field inside the core) is the flux passing 
through the cylindrical surface FQ of length / and width ^bO. 
Hence the change is flux through each turn of the coil is 
/. \bB=AH0^ where A is the area of each turn. If there be 
n turns, the change influx N^AnHS. 

l_.et R be the total resistance in the galvanometer circuit. 
The induced current due to the movement of the coil is 
given by 

•— JL dd 

• di ~ R ‘ dt 



Fig. 2 25 
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The potential energy of the equivalent shell measured as 
the product (strength X flux) is obtained as 

W^AnHO. 

R ■ dt 

The couple acting on the coil due to this current is 

de 

dO^ R~ 'dt 

Critical damping resistance : Whether the motion of a 
suspended system will be periodic or dead beat depends upon 
the magnitude of the dissipative forces. To make a suspended 
coil galvanr meter suitable for ballistic measurements, the me- 
chanical resistance involved is reduced to minimum and the 
coil is wound on a non-conducting frame. But yet in a closed 
circuit the electro-magnetic damping may be large enough to 
make the motion highly damped one or even aperiodic. This 
may be remedied by recording the throw in an open circuit. 
In such a case there is no electro-magnetic damping. If open 
circuit observation be not possible, the electrical resistance 
in the galvanometer circuit should be kept so high that the 
induced current causing the damping is reduced to a low value. 
Thus electro-magnetic damping can be reduced by proper choice 
of the electrical resistance (R) in the closed circuit. An oscilla- 
tory system is said to be critically damped when the dissipa- 
tive forces such that any value greater than this critical 
value makes the motion non-oscillatory. Even when the 
system is such that the mechanical resistances are below the 
critical value, elcctro-magnetic damping may be considerable. 
In such a case an electrical resistance in the galvanometer 
circuit may bring down the dissipative force due to the electro- 
magnetic effect to the critical value. It is known as the critical 
damping resistance. Any value of electrical resistance less 
than the critical value (say R) makes the system highly damped 
or even dead beat. The introduction of such an electrical 
resistance in a closed galvanometer circuit is necessary for 
making the instrument function as a ballistic one. It should 
be noted that an increase in the value of this resistance excee- 
ding this critical value minimises the damping though at the 
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same time it causes a dimunition of the throw that is of the 
sensitivity. If R is the critical damping resistance necessary, 
it is obtained as the sum of the galvanometer resistance (Ro) 
and the external resistance (R^) i.e. R==R^+Rg, 

It is interesting to observe that for rendering a system 
periodic mechanical resistance should be reduced, but in a coil 
suspended in a magnetic field for the same purpose over and 
above the reduction of mechanical resistance the electrical 
resilience should be raised to a minimum value called critical 
damping resistance. 

SENSITIVITY OF A BALLISTIC GALVANOMETER: 
It is measured as its quantity sensitivity (also called figure of 
merit). It is defined as the deflection observed in millimetres 
on a scale at one metre distance from the mirror of the gal- 
vanometer when there is a discharge of one micro-coulomb of 
electric charge through the galvanometer. 

Hence if d is Ihe deflection in millimetres produced by one 
micro-coulomb i.e. 10" ' e.m. units of charge, then 


10 -'' = 


2ir ■ nAH ' 2000 



c M, ^ 27r nAH 2000 

Quantity Sensitivity d= 

1 C 1 -j- A 
2 

nA H 

If A is small, C'.5=47r.^" X 10'* mm/micro-coulomb. 

Resistance nieasuremei-t by the method of damping : The 
equation of motion of the moving part of a ballistic galvano- 
meter considered as a damped oscillatory system may be 
expressed as 

I is the moment of inertia of the coil, p is the retarding 
couple per unit angular velocity due to mechanical dissipative 
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forces, 


R 


is the same due to electro-magnetic effect and 


c is the torsional couple for unit twist in the suspension strip 
causing a restoring action. 


Putting (o*=~ and H^n^l ^ aijove equa- 

tion may be written as 


^6 

dt* 


+2Jk ^^+<0*0=0 
dt 


The solution of this equation is of the form 

fc t — kt — -y/k* — a>® A 


Three cases may arise ; 

(i) If k > cj, the motion becomes aperiodic and the 
galvanometer is said to be overdamped. 

(ii) If k=<o, we have the transitional stage and the 
galvanometer is considered as critically damped. The deflection 
is of the form, d=e~^*.(A^ + B) 


If k is diminished so that <o becomes a bit greater, the 
motion changes from dead beat to periodic type. Critical 
damping resistance is obtained by putting k=co, which means 


that p-^0. 


2VlC ' 


(iii) If it < a», the motion becomes oscillatory though 
damped. The deflection is obtained in the form, 

e=eo.e-’‘* cos (Vw*— Jt*) t- 

2tt 

The period of oscillation T = 


It appears from the equation of deflection that the ampli- 
tude dies away according to the term e”*‘. 
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Let when /=0, the amplitude of oscillation Bq be equal 


to ^ 1 , so half a period later when t= ^ = 


— kir 


the ainptitude = ^ 

Hence ^ = where A= — — - 

Now for a ballistic galvanometer k^ must be small in 


comparison with cu®, hence neglecting 

Ktt 

CO 


A=' 




or A = a(i where </, are new constants. 

R 


In an open circuit /?^oc, \o = ^Px 

(0 

When the galvanometer is short circuited 
galvanometer resistance, hence 

R=Rg, the 


(ii) 

Again for a total resitance R in the circuit, 



(iii) 

From (i), (ii) and (iii), Aj— AR = fl, ^-— ~ 

1 

and A,j— A„ = ^ 


Hence 


R—Rg is the additional resistance added 

for the third 


determination. It may be calculated from the above equation 
by obtaining A,,, and A^j, the respective log-decrements from 
actual observations. 

But the method is not applicable in practice for when 
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the galvanometer is short circuited for the second determination 
it becomes dead beat (since the galvanometer resistance is 
generally less than the critical damping resistance). 

Two high resistances may be compared by this method. 
If and be the resistances included in the second and 
third experiments in the galvanometer circuit, we obtain the 
log-decrements as 

= open circuit 

/ I ' 

A^~ — |, with in circuit 

^^2= (Pi + i- f ^ with R.^ in circuit 

' /Vj 

Hence = ~ . ^ 2 -^ 0 = .'i 

So = 

/?! Aj 5 

is included both in and k^. If R^ i.e. the galvano- 
meter resistance be negligible in comparison with and jRa, 
the ratio may be obtained as shown. 


ILLUSTRATIVE EXA IPLE 


Find the eritiLcil damping resistance for a ballistic galvano- 
meter, ha ving a coil * f 00 turns each of art a 9 Sq.cm, ^ moment 
of inenir 4' 5 gm-cm^ suspended in a field of WOO oersteds with 
a strip having torsional ionstant 2 rrgsiradian. Consider the 
mechanical damping as wgligible. 


Solutu ti : 


Wjf 


or 


300-x9^xl000« 

2x\/?^5x2 


e.fw, units 


or R=1215 X 70® e mM=I215 ohm. 
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11-7. FLUX MEASURING INSTRUMENTS 


Ballistic galYanometer as flux measurer : If are exploring 
coil connected in series with a ballistic galvanometer be intro- 
duced instantaneously in a magnetic field, there will be an 
induced emf (E) generated in the circuit. If R be the resistance 
in the circuit, the current flowing is / = EfR. If N be the flux 
passing through the exploring coil then we have, 


R R dt 


If the charge circulated by the flow of current from start 
to finish is q, then 





1 

R 


t 



o 


N 

R 


If this charge flowing through the galvanometer ( having 
a constant Kj causes a throw 6, then 


or 7V=J?.A:6 >(i+|| 

So the ballistic galvanometer may be used to determine 
flux. If < be the area of the exploring coil and H the field 
in which it is introduced, N=<H. 


Thus the exploring coil with help of a ballistic galvano- 
meter may determine the strength of a magnetic field. But 
the method has the restriction that the change of flux causing 
the throw must cease before the deflecting system has moved. 
This is a disadvantage since an exploring coil cannot be so 
quickly inserted inside the magnetic field under investigation. 
This, however, may be avoided in special experimental methods. 

Grassot Iluxmeter : A special type of moving coil instru- 
ment designed to measure magnetic flux is known as fluxmeter. 
Fluxmeterhas this advantage over the ballistic galvanometer 
that the change of flux need not be instantaneous. 

Grassot Fluxmeter ( Fig 2*26) consists of a fairly large 
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rectangular coil (C) suspended from a single silk fibre which 
exerts very little torque. 

There is thus no resto- 
ring force and the coil 
remains at rest in any 
deflected position. Air 
damping is negligible. 

The electro-magnetic 
damping which is design- 
ed to be fairly large has 
an important function. 

The current is carried 
to the coil by two light 
silver springs (5) offering 
very little damping. 

Field is obtained from a 

permanent magnet with (NS) concave cylindrical surfaces. A 
co-axial soft iron cylinder (/) is placed inside the coil to make 
the field radial. 

The terminals attached to the springs are connected to the 
exploring coil. When this is introduced in a magnetic field, the 
change of flux causes a deflection in the suspended system. 
If the effective area of the coil be a, the flux through this 
when in a field of induction B is N=B.f, In air medium B = H\ 
so N=aH\ H' is the field to be explored. 

During introduction in the field the flux through the 

exploring coil changes and there is an induced emf When 

at 

the coil of the fluxmeter moves in the field inside there is 
also an induced emf in it. If A be the effective area of all the 
turns of the coil, H the field due to the permanent magnet and 

0 ) = ^ the angular velocity of the coil, the induced emfis AH 
at ‘at 

Further, there may be a small emf as the current in the coil 

grows due to self-inductance of the exploring coil, fluxmeter 

coil and the current leads. This may be represented as 

. Hence the effective emf in the fluxmeter coil as the 
dt 



C. E.-6 
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exploring coil is being introduced in the field under investiga- 
tion is given by 


E = ^—AH.~—L - 
dt dt dt ' 

If R is the resistance of the circuit including those of the 
exploring coil, the fiuxmeter coil and the externa' resistor, then 
the current i is obtained as 


1 = 


E 

R 



dN .„de 
— — AH.— 
dt dt 



The fiuxmeter coil carrying a current i being in a magnetic 
field H experiences a couple iAH. Let I be the moment of 
inertia of the coil. While moving with an angular acceleration 

it has the moment of momentum Further, let 

dt dt^ at 


be the couple due to mechanical damping. Equating the 
dt 

moment of momentum with the effective couple producing the 
motion, we may write 

iAH - 

dt at 

Substituting for i, we have 


,doi AHrdN . ^6 j di 


] 



Integrating from start to finish with respect to time t 


/' 


dw^^ 
dt R 




o uo)]=~[N] — 5— 


R 


R 


Since there is no restoring force, to=0, both at the start 
and finish and since the current i which is totally induced ceases 
when the motion of the coil is stopped, it is also zero at the 
start as well as in the end. We may write the above equation 
if e be the angular shift of the coil, as 

0 = ^^N-AHd ]-<<? 
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If «c becomes negligible, being a constant. 

N is the total change in the flux through the search coil. This 
relation is independent of the time during which the flux 
changes. Thus to measure a flux the search coil is to be intro- 
duced inside the field and the change in position of the flux- 
meter coil is to be observed. A pointer moving over a cali- 
brated scale or the deflection of a spot of light reflected from a 
a mirror attached to suspension may be used to determine 0. 
Since N=K9, K should be obtained from the observed deflection 
for a known flux. The field explored is H*=N<—K<0. 

Note : In a dead beat galvanometer mechanical control 
determines the steady deflection and the electro-magnetic damp- 
ing is utilised to make it aperiodic. 

In a fluxmeter there is no restoring action or mechanical 
control, electro-magnetic damping exclusively produces the con- 
trol which however ceases when the deflecting couple vanishes. 

In a ballistic galvanometer mechanical control determines 
the throw and the electro-magnetic damping which tends to 
reduce the throw is designed to be minimum. 

II-8, ELECTRO-DYNAMOMETERS 

Instruments based on mutual action of currents : The mov- 
ing system of dynamometer type of instruments are conductors 
free to move in a field due to another fixed system of conduc- 
tors, both of these being traversed by current. The conductors 
usually in the form of coils may be arranged in different ways 
but for absolute measurement the design of the system should 
be such that the constants of the instruments may be directly 
obtained. 

Kelvin’s Ampere Balance : This is a current measuring 
device based on mutual action between conductors carrying 
current. Four coils ( Fig. 2’27) A, B, C, D are electrically 
connected in series and they carry the same current. These 
coils are fixed and between these coils (arranged in two pairs) 
there are two movable coils (£*, F carrying the same current 
as the fixed coils. These are attached to the opposite ends of 
a balance beam which is hung at its centre from two braids 
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each made up of a number of very fine copper wires which 
also serve as current leads. The currents in the separate coils 



are so directed that if the force due to A-B on E urges it 
downwards, the force on F due to C-D is directed upwards. 

The couple due to the coils causes a deflection of the beam 
which may be restored to its horizontal position again by shif- 
ting a sliding weight along the beam. There are counterpoises 
to keep the beam horizontal when no current flows and the 
corresponding sliding weight is then at zero mark at one end. 
The couple due to current in coil varies as square of current 
(/®) and the couple due to the weight is proportional to 
displacement (d) and hence 

I* oc d 

or / = K.'\/ d 

The displacement of the sliding weight is independent of 
the direction of the current and so the instrument is suitable 
for measurement of alternating current. 

If W be the mutual potential energy of the two coils {say 
A-E) and i is the current in each, then W=Mi^, where M is the 
mutual inductance of the two coils. 

Force between the two coils is 

ox ax 

If a is the length of the arm of the beam and d is the shift 
of a mass m, then considering that there are four coils 

4F.a = mg.d 
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or 


mgd I dM 
4a j dx 


so i oc \/d, or i=K^d 


In order to obtain the value of current directly from the 
shift of the weight, the beam is calibrated. For this the value 
of R is to be known. This is obtained by putting a silver volta- 
meter in series with the coils. The value of i being known, K is 
calculated from the observed value of d. The instrument 
is calibrated and a fixed scale is attached to the beam which is 
marked in amperes. To alter the range there are several 
sliding weights and for each such weight there is a corres- 
ponding counterpoise to be placed at the other end of the beam. 


Siemen’s Electro-dynamometer : It consists of two coils, 
one of which is fixed and the other movable. The movable 
coil is suspended by a silk fibre. When there is no current 
the planes of the two coils remain at right angles to each other. 
One end of a spring (S) is attached to the 
movable coil and the other end to a torsion 
head (T) which carries a pointer (P) moving 
over a horizontal circular scale. The ends of 
the movable coil (AB) dip in two mercury 
cups placed one above the other. Another 
pointer p is attached to the movable coil, its 
range of deflection being limited by stops. 

The instrument is so placed that the plane 
of the moving coil is perpendicular to the 
magnetic meridian. This is for eleminating 
the effect of earth’s field. The pointer p should 
in this position indicate zero. The current to be measured is 
made to circulate in the two coils in series. The mutual forces 
tend to bring the movable coil in the same plane as the fixed 
coil. The torsion head with the pointer P is now turned in 
opposite direction until p is again at zero. 



If i be the current and d the angle through which P has 
been rotated, then 
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Couple between the coils oc i* 

Couple due to torsion = c5, where 0 is the torsional 
couple for unit twist. 

Hence oc cO, or ^ is a constant to be determined 

by passing a known current. Since the rotation is proportional 
to square of current this instrument may be used for measure- 
ment of alternating current also. 

Weber’s Electro-dynamometer : A fixed pair of Helmholtz 
coils (AB) produces a uniform magnetic field between them on 
their common axis and a small coil (C) free to rotate is suspen- 
ded at the mid-point between the fixed coils. When there is 
no current through the coils (which are all in series) the plane 
of the movable coil is at right angles to the planes of the fixed 
coils, which are placed in the magnetic meri- 
dian. When a current is passed the movable 
coil rotates tending to bring its plane parallel 
to each of the fixed coils. The deflecting couple 
is balanced by the restoring couple due to 
earth’s field (ffo) and due to twist in suspension 
strip. The magnetic moment(M) of the 
suspended coil of effective area A is Ai, when a 
current i flows through it. If G is the field due 
to unit current in the fixed coils at a point 
midway between them on the common axis 
and if 0^ be the deflection of the movable 
coil then by condition of equilibrium of a 
magnet in mutually perpendicular fields, 

MGi cosOy^ = MHq sin6y^-\-K sin 0^^ 

(K sinOy^ is the restoring couple due to twist 

in suspension) 



or tanOy^ 


MGi __MGilK 
MH,+k * 

^ ' r/- 


^ K Lv"*" K } \ K 


or tanB 
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Again if 6^ be the deflection on the reversal of the current. 


then, 


tan = 


MGi , M*GHJ 


K 


Adding (i) and (ii), 

tan 6^-\-tan 6^ = 
K 


IMGi 2AGi<^ 


K 


K 


or i® ( tan 6^-\-tan 6^ ) 

or i = tan 6^ + tan 0^ 


•(ii) 


j3 is to be obtained by determining the deflections with 
known current. The instrument is suitable for measurement 
of alternating current. In modern form of apparatus the 
moving coil instead of being suspended is pivoted and the 
deflection is observed by means of a pointer moving over a 
square-law scale. 

Kelvin’s Watt Balance : The instrument contains four 
fixed coils connected in a series circuit, which includes the 
appliance (say a glow lamp), the power in which is to be 
obtained. There are two movable coils (E-F) at the ends of 
a balance beam suspended at its mid-point. The ends of these 


-Ca 
'' r~T 
- I c 


f ] a 

==1JV^ 

p 1 < 


Fig. 2-30 

movable coils (Fig. 2 30) are connected in series and these are 
joined through R, a high resistance coil to the terminals of the 
appliance (L) concerned. The currents in the coils are so 
arranged that by mutual action one pair of coils urges one 
movable coil upwards and the other drives the other coil 
downwards. The beam is deflected in one direction and 
is brought back in position again by weight sliding on the 
beam. 
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Let the total resistance of the movable circuit be R and E 
the potential drop at the ends of the lamp terminals, then the 
current in the movable coil is EIR. Hence the force on each 
movable coil is EijR, where i is the current through the lamp 
as well as in the fixed coils. If the force acting on the movable 
coil is balanced by a displacement d of the weight, then 

oc rf, or Ei = Kd 

Since Ei is the power absorbed in the lamp, it may be 
obtained by calibrating the beam in a scale in watts by sepa- 
rately using ammeter and voltmeter in the two circuits. 

11-9. SPECIAL TYPE INSTRUMENTS 

Eiothoyen String Galvanometer : A thin wire of tungsten 
(phosphor-bronze, silver, copper, quartz or silvered glass fibre 
may also be used) is stretched taut across a strong magnetic 
field in a narrow gap. When the wire carries a current, it is 
acted upon by a force, at right angles, both to the direction 
of the current and the magnetic field, according to Fleming’s 

left hand rule. The deflec- 
tion of the wire is observed 
through a microscope 
inserted in a hole in the 
magnet, the wire being 
illuminated by a beam of 
light coming through 
another hole in the other 
polepiece. The eyepiece of 
the microscope contains a 
graticule divided in linear 
scale and the deflection of the wire is measured in it. Current 
of the order of 10" *^ micro-ampere can be measured with this 
instrument and it responds to transient and alternating 
currents of frequencies upto 200 cycles per second. The A-C 
wave form may be recorded in a film by projecting the 
shadow of the fibre by a camera objective to from a point on 
the film behind it. If the film is made to run in a direction 
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perpendicular to the direction of movement of the string, 
the oscillatory wave form may be recorded photographically. 

Campbell Vibration Galvanometer : A d’Arsonval type of 
galvanometer with a moving coil (C in Fig. 2*32) having a few 
turns is suspended between the pole pieces of a strong per- 
manent magnet. The suspension is bifiliar above and below the 
coil serving also as current leads to the coil. The length of the 
suspension may be altered by a bridge piece {B in Fig. 2*32) 
under the wires and its tension may 
be changed by a spring (5p). Thus 
the frequency of vibration of the 
coil may be tuned to different fre- 
quencies of supply current. Further 
since the moving system has small 
damping, resonance is sharp amoun- 
ting to high selectivity. 

When an alternating current is 
passed through the coil the magnetic 
field causes it to vibrate, the ampli- 
tude being greatest at the particular 
frequency (of the current) to which 2 32 

the coil has been adjusted for. The deflection is greatly magni- 
fied at resonance, hence the arrangement becomes extremely 
sensitive even to weak alternating currents. The moving system 
carries a small mirror (M) and when the coil vibrates an 
extended band of light appears on the scale. This type of 
galvanometer is a suitable apparatus for detection of null 
condition in A-C bridge experiments. 

II-IO. DIRECT READING INSTRUMENTS 

Ammeter : The deflection in a galvanometer depends on 
the current flowing through it. A scale calibrated in amperes 
may be attached to a galvanometer provided with a 
pointer fitted with the coil. Such an instrument is called an 
ammeter. ' 

It is generally provided with a low resistance coil which is 
pivoted between two needle points and its movement is 
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is controlled by hair-springs which also serve to conduct the 

current to and from the 
coil. The coil is in a strong 
radial magnetic field. It 
has an attached pointer 
which moves over a scale 
graduated in amperes. 

The coil is generally 
shunted by a small resis- 
tance so as to keep the 
resistance of the instrument 
low. It ensures that the 
inclusion of the ammeter 
does not disturb the current 
to be measured. The shunt also allows variation of the range 
of the instrument. If / be the current to be measured and 
be that flowing through the ammeter coil, then 

I - • 

S and G being respectively the shunt and galvanometer resistances. 
The current to be measured is times the current indicated 

by the instrument. is called the multiplying power of 

the shunt. If be small in comparison with G, this power 
may be represented by the quantity G/5. 

If the current to be measured is increased n times, the 
current discussed in the above i,e,, if it is now ni, the shunt 
S may be changed to such a value as to send the same current 
as before through the coil. For this the value of the shunt 

will be ^th of its former value. So a change of shunt 
n 

multiplies the working range of the instrument. Thus the 
same instrument (comprising particular coil and magnet) may 
be used for different ranges if it is provided with a set of 
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shunts. As shown in sketch (Fig. 2*34) the connection is made 
to the positive terminal and to 
one of the three terminals indi- 
cated as High, Medium and Low 
meant for corresponding current 
strengths. Although the coil 
receives only a fraction of the 
total current, the scale is gra- 
duated to show the full value 
of the current. Thus an instru- 
trument with variable shunts has 
separate negative terminals and 
separate scales, each one for a 
limited range. 

Voltmeter : The components of a voltmeter are same as 
that of an ammeter. But instead of a low resistance shunt 
there is a high resistance coil in series with the galvanometer 
coil. A voltmeter while in use is placed in parallel with the 
circuit element. To avoid any alteration of the circuit condi- 
tion due to introduction of the voltmeter, very small current 
should be diverted through the instrument, so the latter should 
possess a high resistance. The resistance in series with the 

voltmeter is called multiplier. The 
multiplier if variable increases the 
range of the instrument. If the 
series resistance is increased n times 
an increased (n times) potential 
difference at the terminals produces the same current through 
the coil and so the same deflection. In this way a voltmeter 
may be modified to multiply the working range. Actually a 
multiplier permits the connection of a multiplied voltage at 
the ends of the coil of the instrument. 

Avometer : The same instrument may be used either as a 
voltmeter or as an ammeter. If the coil is used with a shunt 
it serves as an ammeter. By taking off the shunt resistance 
and connecting a high resistance in series with the coil the 
ammeter is converted into a voltmeter. As shown in the 



Fig. 2-35 
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sketch (Fig. 2’ 36) when the terminals + and G are used the 

instrument is an ordinary 
galvanometer. It serves as a 
voltmeter when the terminals 
+ and V are used. To use it 
as an ammeter, the connections 
are made with + and the 
key K being closed. There are separate scales for different uses. 

Ohm-meter : In a common type of instrument resistance 
measurement involves the production of current by application 
of a fixed potential difference at the galvanometer coil terminals 
having the resistance to be measured in series with coil. The 
greater the resistance the smaller is the deflection. The gradua- 
tions of the scale to read ohms therefore proceed in the reverse 
way relative to the scale for current measurement. 

Soft Iron Instruments : In these type of instruments the 
current to be measured is passed through a fixed coil. The 
magnetic field produced by the current flowing through the 
coil is arranged to produce movement in a piece of soft iron. 
There are two types of instruments. 

In attraction type instrument a small piece of iron in the 
form of a small disc is pivoted eccentrically inside the coil (Fig. 
2* 37a). When the coil carries a current the iron is magnetised 
and is attracted towards the interior of the coil. The motion 
which is proportional to the magnetic flux inside the coil is 
controlled by a restoring torque due to gravity or a hair spring. 



Fig. 2*37 

In repulsion type instrument the two rods of soft iron placed 
inside the coil (Fig. 2*37 b). One is fixed (R^) and the other 
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(/?j) is free to turn about a pivot. When a current flows 
through the coil the two rods are similarly magnetised and as 
such repel one another, the pivoted rod turning against the 
restoring action due to gravity or hair spring. 

In both the instruments damping is obtained from a dash 
pot arrangement in which a light plunger moves in a tube, the 
movement being opposed by viscosity of air. This does not, 
however, make the instrument dead beat but stops the oscilla- 
tion in a short time. 

The force action is proportional to the square of the current, 
since magnetisation and magnetic field are both proportional 
to current. Thus the moving iron instruments are suitable for 
alternating current circuits and are widely used for this purpose. 
The value of the current is obtained from the calibrated dial 
over which moves a pointer attached to the moving system. 

Shunts and multipliers are inserted for the use of the instru- 
ment as ammeter and voltmeter respectively. Resistances used 
for this purpose should be non-inductive. 

Main disadvantages of this type of instruments are the 
action of external magnetic fields and effect of hysteresis. These 
are remedied by adequate shielding and using magnetic alloys 
(instead of soft iron) with low hysteresis. 


ILLUSTRATIVE EXAMPLES 


1. A galvanometer coil of resistance 80 ohms being shunted 
with a resistor of 10 ohms is connected to a battery of emf 2 
volts through an external resistance 200 ohms. Calculate the 
galvanometer current. 


Solution : 


1 = 


E 


R + 


SG 

S+G 


2 


200 + 


80x10 

80-1-10 


2x9 

1880 


h 


• S _2x9 10__ 2 
'S+G 1880 90 940 


amp. 


2. The moving coil of a galvanometer has 60 turns each of 
width 2 cms. and length 3 cms. Find the torque when it carries 
a current of I milli-ampere if the field inside be 500 oersteds. 
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Solution : Couplt=nAiH=60 x2x3xlxlO"*x 500 
or C=18dyne-cm. 

3. A galvanometer whose needle deflects 5 scale divisions 
per mA. current is w be used as an ammeter. Its coil resis- 
tance is 500 ohms. What should be the resistance of the shunt 
in order that the needle may deflect 10 divisions per ampere ? 


Solution : 10 div. per amp. = 5 div. per 0*5 amp. 


Using the formula 


i S+G 



in = l 


S+G 


S-\-G _ i I G 


or = 


or 


I — In 


We have G=500 ohms, i\j = 10'® amp. f=0*5 amp. 


c 500xl0-« 

So 


0-5 


0-499 


= 1 ohm (nearly) 


4. A milli-ammeter of resistance 20 ohms reads upto 0'05 
amp. Obtain how the instrument may be converted into (a) an 
ammeter to read upto 5 amps, and (b) a voltmeter to record 
upto 50 volts. 

Solution : (a) Let the value of the shunt be S. The current 
through the coil of resistance 20 ohms is 0-05 amp. and the 
current through the shunt is 5—0-05=4-95 amp. Equating 
the potential drops at the ends of the two resistances, 

Fb = /„.G=is.S 

So 0-05x20 = 4-95.8, hence S= 0-202 ohm. 

(b) Let R be the high resistance in series 

' R+G 

or 0-05=- hence i?=910 ohms. 

/1 + 20 

EXERCISES ON CHAPTER II 


2-1. State and explain Laplace’s law for the magnetic field 
due to a current element at a distant point. Hence obtain 
the magnetic field near an infinitely long straight conductor 
carrying current. 
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2-2. Enunciate Ampere’s theorem and obtain it in the 
circuital form. 

Obtain the field at any point on the axis of a circular coil. 

2-3. What is an equivalent shell ? A circular coil of 
radius r carrying a current of 10 amperes is placed in the 
magnetic meridian with its plane horizontal. Obtain the couple 
acting on the coil. 

[ Ans. Trr^, Ho ] 

2-4. Find an expression for the field at any point inside 
a solenoid of finite length. Hence or otherwise obtain the 
field inside an anchor ring. 

2-5. Prove that the force of an element 8s carrying a 
current i when placed in a magnetic field of induction B is 
given by i [8s x B] 

2-6. Find the force due to a small magnet of moment /, 
the plane of the coil being normal to the axis of the magnet 
and its centre on the axis at a distance r from the mid-point 
of the magnet. 

[ Ans. j 

2-7. Two similar coils are placed coaxially at a distance 
apart equal to their radius. What is the nature of the 
magneic field at a point on the axis mid-way between the coils ? 
Describe how this property has been utilised in Helmholtz 
form of tangent galvanometer. 

2-8. Obtain the mechanical force between two parallel 
co-axial coils carrying current when one of the coils is very 
small compared with the other. 

2-9. Two circular coils of radii R and (R+^) lie coaxially 
in parallel planes, separated by distance d. Discuss the force 
between them when same current flows through both the coils,. 

2-10. Describe the working of a suspended coil galvano- 
meter. How is it made dead beat ? Define its figure of merit. 
Discuss the relation between current sensitivity and voltage 
sensitivity. What are the factors determining current sensitivity? 

2-11. Explain the conditions under which a moving coil 
type of galvanometer becomes ballistic. Give the theory of 
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the ballistic galvanometer. How would you apply corrections 
for damping ? 

2-12. What is electro-magnetic damping ? Explain the 
term critical damping resistance. What are the factors deter- 
mining it ? 

Discuss how the damping of such a galvanameter may 
be utilised for comparison of high resistances. 

2-13. Work out the theory of the Grassot Fluxmeter and 
compare its working with that of Ballistic Galvanometer. 

2-14. How many turns should the coil of a ballistic 
galvanometer be provided with so that its critical damping 
resistance may be 1120 ohms, the area of the coil is 6 sq. 
cms and its moment of inertia is 1'5 gm.-cni*, the field 
strength is 1000 oersteds and the torsion constant is 2 ergs/ 
radian. 

[Ans ; 300] 

2-15. Describe the construction and working of Kelvin’s 
Ampere balance. 

2-16. A small coil of 125 turns and mean radius 2 cm. 
is suspended with its centre midway between a pair of Hel- 
mholtz coils, each of radius 20 cm. and 200 turns of wire. 
If a current of 0 5 amp. passes through all the coils, find 
the couple on the small coil when the plane is normal to 
that of either of the larger coils. 

[Ans : 353 dyne-cm] 

2-17. Write notes on : (a) Einthoven String Galvanometer, 
(b) Campbell Vibration Galvanometer. 

2-18. Explain the working of an ammeter. Discuss how 
an ammeter may be converted into a voltmeter. 

2-19. You are given a milli-voltmeter of range 1-30 
millivolts and of internal resistance 25 ohms. Show how you 
would use the instrument to measure (a) potential difference 
between 1 30 volts and (b) currents between 01—3 amp. 

[Ans : (a) Series resistance 24975 ohm 
(b) Shunt resistance 0 01 ohm.] 

2-20. What are soft iron instruments ? Describe in brief 
their working principles. What are their special uses ? 
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ELECTRO-THERMAL AND THERMO-ELECTRIC 

EFFECTS 

in-l. JOULE’S HEAT PRODUCTION 

Relation between Current and Heat generation : Joule 
experimentally obtained that heat generated in a given time 
in a particular conductor is directly proportional to the square 
of the current. Joule’s experimental law may be deduced from 
theoretical considerations. 

Let a charge Sq coulomb pass between two points A-B in 
a resistor maintained at a difference of potential (K„ — F;,) volts. 
The work involved is SW=(Va—Vt,).Sq joules. If this charge 
is carried by a current i amperes in time St, Sq=LSt. If e 
represents (Va—V^) then SfV= e.8q=ei.St. The energy deve- 
loped in the resistor in time t is IF= •'It joules. If this energy 
is not converted into any other form, it generates heat inside 
the resistor and the amount of heat H in calories is obtained 
from the equation W=JH, hence 
W=eit=JH 

Bit 

or H = calories 

J 

J, being the mechanical equivalent of heat. If r is the resis- 
tance of the conductor between the points, then e=ir and so 

i ^ ft 

H=— calories 

•/ 

If I and r are measured in electro-magnetic units /=4‘2xl0^ 
ergs/calorie and if these are calculated in tpractical units 
J= 4‘2 joules/calorie. 

Principle of least heat : Current in several branches in a 
circuit is always so distributed that the production of heat is 
minimum. Let two resistances and r, be joined in parallel, 

C. E.— 7 
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out of the total current i, a portion iy flows through and 
current through is The total heat production per 

unit time expressed in joules in two resistors is obtained as. 




di,' 


2ri+2r ^ 


dH d^fJ 

. — becomes zero if /i(ri+r,)=/r. and is +ve. 

di'jL rf/i ® 

The rate of heat production is minimum when this condition 
is satisfied, i.e. when 


i, = — . R is the equivalent resistance. 

'•i '•i + '-a '•i 


Similarly it may be obtained that ig 



Thus H becomes minimum when current in each circuit is 
inversely proportional to its resistance. This however is the 
same as the law of distribution of current obtained by applica- 
tion of Ohm’s law. Hence we get the principle that in 
branching of current in several branches, the distribution is such 
that the heat production is minimum. The principle may be 
shown to be true in a generalised form, that is in a network. 

Maximum power theorem : Let a battery of emf E and 
internal resistance r be connected through an external 
resistance R to form a closed circuit. The current through 
R is obtained as 


The energy dissipated per second in R is given by 


W = i^R 


E*R 


dW _E'{R+ry-E*R.2{R-\.r) 
dR (/?+r)* 


Hence 
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If fV be either maximum or minimum, = 0 

dR 

i.e. (R+r)»-2R(R+r) = 0 
or (/?+r) = 2R 

or R = r. 

d^W 

Since -y— becomes negative for this value of R, W is 
dR* 

maximum. 

Thus energy dissipated in an external circuit due to current 
drawn from a battery becomes maximum when the external 
resistance is equal to the internal resistance. 

Electrical method of determination of Jonie’s equivalent : 

An accurate method of determination of mechanical 
equivalent of heat (J) is due to Callendar and Barnes in a 
Constant flow calorimeter. Water flows steadily along a glass 
tube and it is heated electrically by a wire carrying a constant 
current. Outside the glass tube there is a jacket and the space 
between the calorimetric tube and the jacket is kept vacuum. 
A water jacket surrounds the vacuum. Two thermometers 
(Ti, Jj) measure the temperatures ^(O^, 0^) of incoming 
and outgoing water. The 
current (i) flowing is 
measured in amperes by a 
potentiometer using a stan- 
dard cell and a standard 
resistance. The potential 
drop (e) at the ends of the Fig. 3’1 

wire is measured in volts also by potentiometer. The mass (m) 
of water in grammes flowing per second is obtained. The 
thermometer reading in the steady state gives the rise of 
temperture 0=(^2~^i) degrees Celsius. 

A calorimeter of this kind does not absorb heat when 
the temperatures are steady. In such a case the electrical 
energy expended per second (e.i) is used in warming the flowing 
water and in making up for the radiation loss, which is, of 
course, low. 
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If h is the loss of heat by radiation and s is the specific 
heat of water, then heat taken by water is msB, so 

^l—msd+h ... (0 

J 

To eliminate h. a second set of observations is taken by 
slightly altering the current and adjusting the flow of water to 
keep and 6^ unchanged. If e, i and m' are the corresponding 
data for the second experiment, then 

^ —m's$->rh ••• (ii) 

J 

From (0 and (ii), J=- — joules/calorie. 

(m — m )s0 

For correct elimination of h by this method thermometers 
should be sensitive enough to record temperature to of a 
degree. 

1II-2. THERMO-ELECTRIC EFFECTS 

Seebeck effect : In 1821 Seebeck discovered a phenomenon 
in which thermal energy is found to be directly transformed 
into electrical energy. He observed that when a circuit made 
of two dissimilar metals has the two junctions kept at unequal 
temperatures a current flows through the circuit. A simple 

circuit is shown in diagram (Fig. 
3*2 a), in which an iron strip 
is joined at its ends to pieces of 
copper through a low resistance 
galvanometer in series. By keep- 
ing one of the junctions at 
O^'Cand raising the temperature of 
the other, a current is found to 
flow from copper to iron across 
the hot junction and from iron 
to copper through the cold 
junction. The current rises with 
increase of temperature of the 
hot junction till it is at IIS'C, when the current becomes 



Fig. 3’2 
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maximum. For every pair of metals there is such a tempera- 
ture of the hot junction for which the current is maximum. 
This temperature is known as Neutral temperature. If the 
hot junction temperature is further raised the current decreases 
and for the iron-copper couple it becomes zero when the hot 
junction is at about At temperatures above this the 

current increases again but this time in the reversed direction. 
The temperature at which the current becomes zero before 
reversal is called the [oversiou temperature of the particular 
couple. This temperature is always as much above the 
neutral temperature as the cold junction is below it. It is not 
a constant but depends upon the cold junction temperature. 
The thermo-electric curve i,e. the graph of emf against the 
temperature difference of the junctions (Fig. 3*2b) is generally 
obtained as a parabola, but this relation between emf and 
temperature is approximately true. 


Current produced in this way by the heating of one of the 
junctions is known as thermo-electric current, the pair of metals 
forming a thermo-electric circuit is called a thermo-couple, the 
phenomenon being known as Seebeck effect. Seebeck arranged 
the metals in a series ; the current flows across the hot junction 
from the metal occuring earlier in series to one coming latter. 
The separation of the metals in the series determines the 
magnitude of the emf to be expected when any two of these 
are used as a thermo-couple. 


SEEBECK 

SERIES 


Bi,Ni,Co,Pd,Pt,Ur,Cu,Mn,Ti,Hg,Pb,Sn,Cr. 

Mo,Rh,lr,Au,Ag,Zn,W,Cd,Fe,As,Sb,Te. 


According to the rule stated the Bismuth-Antimony pair 
form a thermo-couple giving almost the maximum thermo-emf 
available. In this couple the current flows from antimony to 
bismuth across the cold junction. 

THERMO-ELECTRIC POWER : If is the small emf 
generated in a thermo-couple due to a small temperature 
difference hT between the junctions (originally both being at the 
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ft jri yi JT 

same temperature T), then Lt.|^ i.e. ^ is known as the 

thermo-electric power of the thermo-couple at the temparature 

T, The quantity—— which may be obtained for any tempera- 
dT 

ture (T) of the hot junction (in absolute scale) from the slope 
of the thermo-electric curve (Fig. 3*2b) is the thermo-electric 

power at that temperature. A graph of ^ plotted against T 

dT 

is the thermo-electric line. 


Peltier effect : If in a circuit made with a thermo-couple 
instead of supply of heat at one junction (lo keep it hot) and 
absorption at the other (to keep it cold) current is sent through 
the junctions from an external source of emf included in the 
circuit, it is found that one of (the junctions gets heated and 
the other loses heat. If the source of emf sends current 
through the junctions in the same direction as that would be 
due to Seebeck effect, the junction that would receive heat for 
generation of thermo-current now absorbs heat and is thereby 
cooled and the junction that would be kept at a lower tem- 
perature now gets heated, due to the passage of current 
through the junctions in the 
same direction (r/. Figs. 3'3a and 
3’3b). This discovery was made 
by Peltier and is known as 
Peltier effect. 

The heat generation and ab- 
sorption at the two junctions are 
interchanged if the direction of 
current is reversed. It should be 
noted that Peltier heat production Is different from Joules’ 
heat production, which as distinct from Peltier effect is a 
non-reversible effect. 

The Peltier heating effects may be demonstrated by an 
arrangement described in the next page. 



Fig. 3’3 
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Two identical fine copper coils are wound round the two 
junctions of an antimony-bismuth couple. The coils form 
respectively the two arms 
of a Wheatstone bridge 
arrangement. The bridge 
is set to be in a balanced 
condition when there is no 
current in the thermo- 
electric circuit. If a current 
is now passed through the 
junctions, one of these gets 
heated and the other is 
cooled. This causes change 
in the resistance of the coils 
and the balance of the 
bridge is disturbed. To restore the balance of the bridge it 
would be found that the resistance of one coil decreases and 
that of the other increases and these effects are reversed by 
reversal of current through the junctions. 

EXPLANATION OF THE EFFECTS : The reason of 
Peltier effect (and of Seebeck effect as well) lies in the fact that 
the junction of two dissimilar metals due to transference of 
electrons become oppositely charged at the interface. As such 
a junction becomes a seat of emf and a potential difference 
an electric field appears there. The passage of charge 
caused by a flow ol current through the junction calls for a 
supply or release of energy. In Peltier effect when a current 
is sent by a cell across any junction in the same direction as 
the emf existing there, energy is to be supplied and as such the 
seat of tmj absorbs heat from the junction. Again when the 
external current flows in the direction opposite to the emf of the 
junction, energy is liberated and the junction gets heated. 
In a bismuth-antimony couple the emf is directed from bismuth 
to antimony at each of the junctions. Hence an external 
source driving current from bismuth to antimony causes 
absorption of heat and the current flowing from antimony to 
bismuth produces heat. This explains Peltier effect. The 
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magnitude of the Peltier emf depends upon the temperature of 
the junction. If the two junctions are at unequal temperatures 
there is a resultant emf in the circuit. Hence arises the current 
due to Seebeck effect. 

An equivalent circuit composed of three cells may be 
considered for conception in the matter. Two cells of emfs 

and are in opposition. There will 
be no current in the circuit if ei = e^. 
If and are unequal a current will 
flow, the direction of the current being 
determined by relative magnitudes of 
and . 2* This simulates the Seebeck 
effect in a thermo-electric circuit, where 
unequal temperatures make and 
unequal. Now consider that when and are equal a third 
cell of emf E is included in the circuit. This cell sends a 
current and the cell which is in series with it joins with it 
to drive the current spending its own energy. The cell will 
be in opposition and heat will be generated in it due to current 
flowing through it. Here the two cells and comprising 
seats of emf may be regarded as representing the Peltier emfs 
at the junctions of a thermo-couple and E is the external 
source of emf 

PELTIER COEFFICIENT is defined as the emf of at the 
junction of two dissimilar metals. The energy absorbed (or 
evolved) at a junction when unit charge passes through it is a 
measure of this emf i.e. the Peltier coeflScient. It is usually 
expressed as joules/coulomb i.e. as volts and is denoted by tt. 
The amount of heat absorbed (or evolved) in transference 
of one coulomb of charge if expressed in energy units (joules) 
gives the magnitude of tt in volts. 

Magnitude of thermo-emf : Let the two junctions of a 
thermo-couple be at and (Kelvin scale) and the 
corresponding Peltier coeflScients be tt^ and tt^ respectively. 
If > Ji, the net emf in the circuit is {Tr^—irf). 

The thermo-couple may be regarded as a heat engine pro- 
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Fig. 3-5 
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ducing electrical energy by absorbing heat at a temperature 
and rejecting a portion of it at a lower temperature. 

Let us consider that as a result of Seebeck eflect, q coulombs 
of charge pass round the circuit. The thermal effects at the 
two junctions are as shown 

Heat taken at joules 

Heat liberated at = ^^^q joules 

By applying laws of thermo-dynamics applicable to a 
reversible heat engine, we may write 

TT^q 



or (7r2-77^) = (r 2 — rj 

Since the net emf in the circuit E=(7r^--7T^) 
so E oc (T^ — Ti) 

Thus the magnitude of net thermo-pm/ in a circuit should 
be proportional to the temperature difference of the junctions 
at a constant temperature of the cold junction. But we find 
that this does not corroborate the experimental results. So 
the conclusion becomes inevitable that Peltier emf alone cannot 
explain the behaviour of a thermo-couple completely and there 
must be some other reversible effect. Actually such an effect 
exists. This is known as Thomson effect. 

Thomson effect : It is experimentally found that heat is 
evolved when a current passes from the hot end to the cold end 
of an unequally heated copper bar and heat is absorbed if the 
flow of current is reversed in direction. This suggests the 
existence of a potential gradient along the length of an un- 
equally heated metal bar. This seems to be logical. Since 
the pressure of free electrons in a metal depends upon the 
temperature, a potential gradient should be associated with a 
temperature gradient. The thermal change in such a case is 
found to be proportional to the amount of charge transference 



106 


CURRENT ELECTRICITY 


and the temperature difference. This phenomenon is known 
as Thomson effect. 

Thomson effect is said to be positive (as in copper, zinc, 
silver) when heat is absorbed when a current flows from 
cold to hot end and it is negative (as in iron, platinum ) where 
heat absorption is associated with passage of current from hot 
to cold portion. Heat liberation occurs in the reverse process 
in the two metals mentioned. 

DEMONSTRATION OF THOMSON EFFECT : A long 
iron rod is bent into U-shape. The bend of the U is heated 
to redness and the two ends are kept cool in mercury baths at 
a constant low temperature. Two similar coils P and Q are 
fixed on the limbs and are connected to the third and fourth 

arms of a Wheatstone bridge 
circuit which is kept at 
balance when there is no 
current through the rod. A 
current is passed through the 
rod using the mercury baths 
as the terminals. The current passes up and down temperature 
gradient in the two limbs respectively. The balance of the 
bridge is found to be upset indicating that the resistances 
of the two coils (F, Q) have changed. This is due to the 
liberation of heat in one limb and absorption at the other. 
The change is resistance is reversed by reversal of current. 

THOMSON COEFFICIENT for a particular material is 
defined as the heat (expressed in joules) absorbed when a 
charge of I coulomb passes from one point to another TC 
higher in temperature. In such a case the coeflBcient is positive 
as in copper. The coefficient is negative if under the said 
condition there is liberation of heat. 

As defined, since Thomson coefficient signifies heat nece- 
ssary to raise one coulomb of charge to a stage TC higher in 
temperature, it has been named by Kelvin as specific heat of 
electricity^ which of course may be negative as well. 

Thomson coefficient, denoted by a, is the emf in a conduc- 



Fit'. 3-6 
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tor generated due to unit difference in temperature. If o is 
the Thomson coefficient in a material the total energy gained 
or lost in passing of one coulomb of charge from a point at a 

temperature to another should be expressed as J a. dT. 


III-3. E. M. F. OF A THERMO-COUPLE 


Joint effect of Peltier and Thomson emfs : Consider a couple 
with junctions at T and T—8T temperatures. Let the Peltier 

coefficients at these temperatures be n and ^ ST. Let 


and a 5 be the Thomson coefficients of each member of the 
couple, both considered as positive. 

Let a charge of g coulombs circulate 
round the circuit. The absorption and 
liberation of energy occur in four 
stages viz, at the temperatures T and 
T—8T at the junctions and through 
the two metals the ends of which 
are kept at fixed temperatures. 

Hence considering energy liberation as negative absorption, 
the total energy absorption may be expressed as 



Fig. 3-7 


8fV=7Tq - (7r_^8r fq~{oa-<rb) 8T.q joules 

or SW=q^8r-ia,-<7^)Br.q 

If 8E is the effective emf of the couple must be equal 
to q.8E, hence 

8E = (a„-<76)]8r. 

r^S£ dE dir f \ 

The emf of the thermo-couple for two junctions kept at 
r, and is therefore obtained as 
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-<Ti) dT 


1 


or 


= (wj — rt{)— ^(a^—a^dT 


T 

Law of latermediate Temperatares : E and E be res- 

pectively the emfs of a couple between the temperature inter- 
vals Jj— r and T— where T^> T >7^. 

Hence, 

1-2 

E = — r {aa,—ab)dT 

r 

and E = (w— — ( (wa— <^6) 

By addition, 

T Tj 

E +£ =(^2—'^i)—f {(Jq—<rhy‘T=E 

T r, 7 r. 

This equation indicates that the emf of a thermo-couple 
for any temperature interval (T^—T^) is the sum of the emfs 
corresponding to any smaller intervals into which the internal 
(T^ — Tjf may be divided. This is the law of intermediate 
temperature. In symbols the law may be expressed as 

^2 S fp 

E =E +E + + £ 

Ti Tj '^p-l 

Law of latermediate Metals : Let us consider two separate 
thermo-couples formed of metals A-B, B-C. the junction 
of each couple being at temperatures and where r,>ri, 
(shown in Fig. 3’8), then. 
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“ 2 

Eha = {”ba)T^—^”ba)T^ - ^ dT ... (i) 


Ecb= i^cb)T^ — k"cb)T^- \ {<yb-<^e)dT ... (ii) 

By addition, 

•®6o+^c6 = (*'‘6a +’^o6)rj ~ (’’’ta +”■<! b)rj“" J iS'a~°^e)dT 

^■i ... (iii) 

Now consider that three metals A, B, C are joined to form 
a closed circuit, all junctions being at the same temperature 
(Fig. 3’8). The resultant 
emf in the circuit is zero 
since all junctions being 
at the same temperature 


energy. So we may write 

c b ^0 

'^ba~\"'^eb~ 

or “’’’oa 

or ‘^bc '^ac~^ba 



Fig. 3-8 


Substituting these values in (iii) we get, 

Eba'{' Ecb=^i'’'ca)T^ ~ {’’' 00 ) 7 j (9a~^e)dT=Ec 


Hence Ei,a+Ecb = Eca 

cr E„a + Eob+Eae=0 

It follows therefore, E„c—Eac=Eba 

The last equation shows that the difference of the emf of 
thermo-couples formed by each of the two metals {A, B) with 
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a third one (C) is equal to the emf of the thermo-couple 
formed by the two (A, B) in question. This equation provides 
for a method of obtaining the thermo-zmf of two metals from 
the values of the tltermo-emfs of the two when coupled with a 
third metal. This third metal may be a standard one. Lead 
has no Thomson effect and as such this is conveniently chosen 
as this standard. The difference between the two values 
for the thermo-em/ of each of the two metals {A, B) with 
lead as the other member gives the emf of the thermo-couple 
formed by the two (A-B) according to this equation 

^bl—Eai=Eba 

According to the sign convention, in lead-.X' couple the 
emf is considered positive when the thermo-current flows from 
lead to X through the hot junction. 


An important fact follows from the result obtained here. 
Suppose a third metal C is introduced between two metals 

A-B at one of the junctions, the 
ends of C joined with A and B 
respectively being at the same 

temperature. Let the junction of 

0 

A-B be at a temperature while 

0 

both the junctions of C are at 
and Ta > Ti. Then considering 
all the em/s involved (fig. 3‘9) we may write 



- 2 - 2 
[Ebae}=[‘'’^ba]T^~ ob^T^'f f 


or [£boc]=[w6a]ra — — J(<fa-<rb)dT 

Tx 

Tz 

or [£6oo]=[’’'>a]rj“["'6o]ri ~ ^ iOa~'^ 1 ^^Ex = [Eba\ 
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This gives the Law of intermediate metals, which may be 
stated as follows : the emf of a thermo-couple is unaffected by 
the introduction of one or more metals kept entirely at the 
temperature of the circuit at which it is inserted. 

This law has useful applications. When a galvanometer with 
its leads is inserted in a thermo-electric circuit for the purpose 
of measurement, it does not affect the emf involved, provided 
that the junctions between the galvanometer and the thermo- 
couple wires are at the uniform temperature of the point of 
insertion. Again, the junction of the two metals may be 
soldered, the material used acting as an intermediate metal 
does not disturb the emf of the particular couple. 

in-4. THERMODYNAMICS OF A THERMO-COUPLE 

Entropy changes in a circuit : Peltier and Thomson effects 
are both reversible process and the thermo-couple is a contri- 
vance for conversion of heat energy into electrical energy capa- 
ble of doing mechanical work. Hence the second law of ther- 
modynamics will be applicable. Although the available energy is 
small, the thermo-couple may yet be regarded as a heat engine. 

Let and be the temperature of the junctions 
in absolute thermodynamics scale where Let 

and TTg be the corresponding Peltier coefficients, and Oa 
cTfe are the Thomson coefficients of the two members A and B 
respectively, both being regarded as 
positive. At the hot junction the emf 
is directed from B to A. When q cou- 
lombs of charge flows completely round 
the circuit, the heat transference occurs 
in four steps as detailed below. 

(i) At r, heat absorbed due to 
Peltier effect is joules. 

(ii) In passing from J, to through 

A heat is liberated due to Thomson effect. Considering this as 

a 

negative absorption, heat taken stands as— f OadT joules. 
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(iii) At heat is liberated amounting to an absorption 

of joules. 

(iv) In passing from to r, through B heat absorption 


due to Thomson effect is UlT. 


The process being reversible, the sum of entropy changes 
may be denoted as S-Q~0, So, 


1 

2 

f (‘^a dT=0 


T, r. 






or K-o.i = r£(-;-) 

It has been shown in page 107 that 

dE _dir , , 

dT df 

Substituting for (va— <^(>)> from (•) 
4^ _ dir__ Y ^ (JE ■ 

df df dTXT) 
dE dir ,diT IT \ _iT 


i_ \- 

r’ dT \dT t) 


Hence v = T* 


Again substituting for ^ in (i), we get 


On — a,, = 


dfWj 'dT» 
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Equations (ii) and (iii) provide for experimental methods 
for determination of n and a. The choice of lead as one 
of the metals in a thermo-couple is necessary for obtaining 
a for a particular metal. 


III-5. THERMO-ELECTRIC LINES 

Tail’s diagram : Thermo-electric power of a thermo-couple 
is independent of the temperature of the cold junction. If the 
temperature of the hot junction {T) and the thermo-electric 

power be plotted in a graph, a straight line is obtained. 

Usually such thermo-electric lines for different metals with lead 
as one member of the thermo- 
couple are drawn in diagrams. Such 
a diagram is known as Tait's 
diagram. Some important properties 
regarding thermo-couple are obtain- 
ed from a study of such thermo- o 
electric diagrams. 

Let us consider the points 
(Fig. 3*1 1) on a thermo-electric line corresponding to the 
temperatures and Jg. Then as shown in the diagram 

Area = 

Area OC,A^B,=P,.T^ = 

Hence Peltier etnf at OB^^A^C^ 



C. E.— 8 
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and Peltier emf at Ti=iT^=T ^ (^) 

Again Thomson emf, (oa-ab)—'^^ 

fl 

So Thomson emf between T^ — Ti = f{a,-ab)dT 

1 

1 1 
=area 

Hence the '’mf of a thermo-couple obtained as 
2 

£=(jr2— u-i)— J"(CTa— or6)</r, may be written as 
1 

E=2stz area OBy^A^C^—axea. 

or £=area A,B,U,A,^(r,-r^) 


Thus the emf of a thermo-couple is equal to the product 
of the average thermo-electric power of the junctions and the 
temperature difference between them. 

Thomson coeflScient for lead is zero and so if circuit is 
made with lead as one of the members of the couple we 

have in the expression, (cj^— (75)= T ^ , <^6=0 and hence 

di 

cr„ = r Thermo-electric diagrams for different metals are 

usually drawn with lead as one of the members. If the 
thermo-electric line for such a pair slopes downwards then 
<7 is considered negative for the metal and it is positive 
when the line slopes upwards. 

Let a thermo-couple be made with two metals A and B 
whose thermo-electric line with respect to lead as the other 
metal are drawn respectively as A^A^A^A^ and 
As shown in the diagram a is positive for A and negative 
for B. Let a couple be formed with the metals A and B 
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having the junctions at and r,. In the diagram 
OCi = ri,and OC^ = Tj,. 

From the diagram, 


Since 

=T^ X thermo-electric 



Fig. 3*12 


power at T^, so comparing this with the relation obtained 
in the foregoing steps, we find that 


= thermo-electric power of (i4-5) couple. 

Therefore it is to be concluded that the thermo-electric 
power of two metals when they form the couple is the difference 
of the thermo-electric powers of each of the metals with 
respect to a third metal. 

Also, by law of intermediate metal, the emf of A-B couple 
is obtained as 


^ab — Eiij-'Eia, 

so = area — area 

£^5 = area 

ff now maintaining the temperature of the cold junction 
unchanged, the temperature of the hot junction is gradually 
raised the area B^B^A^A^^ increases showing that the emf 
rises with temperature. This goes on until the point AT, the 
point of intersection of the two lines is reached. Beyond this 
the resultant emf diminishes with rise of temperature of the hot 
junction. For a temperature represented by OC^ beyond 
JV, the emf is the difference of the two areas on the two sides of 
N, i,e, between the areas B^NA^ and A^NB^, 

The temperature corresponding to the point N is the 
neutral temperature. It is seen that the thermo-electric power 
at this temperature is zero. Since at the neutral temperature 
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the thcrmo-elcctric power P=^^=0, at this temperature the 
emf is maximum. 

It is clear from the diagram that if the temperatures of the 
hot and cold junctions are equally removed from the neutral 
temperature and are on the opposite sides of it, the emf in the 
circuit is zero. The temperature of the hot junction corres- 
ponding to this is the inversion temperature and for any tempera- 
ture of the hot junction higher than the inversion temperature 
the emf is reversed. 

1II-6. THERMO-ELECTRIC CONSTANTS 

E.M.F. Equation : From data obtained from experiments 
it has been possible to express the emf of a thermo-couple in 
terms of the terms of the temperature ( ) of the hot junction 
when the cold junction is at the temperature of melting ice 
( 0*C ). In such a case the emf is obtained as 

E = 

•c, ^ are called the thermo-electric constants. 

If the cold junction be not at 0®C, but the junctions are at 
temperatures t^ and ( t^>ty), then the emf should be 
obtained according to the law of intet mediate temperatures. 

We have -i- 

Thermo-electric Power + pt 

dT dt 

If the junctions are at Tf'K and J/ZT, ^=«c+^(7’2 — ^i) 

dF 

Peltier Coefficient at ^^2 = ^ 2 ^^ 

Hence, = - TJ 

or 7r,=:(<^PT,)T,+PT^ 
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Thomson Coefficient, (<7*— (7;,) = T - ~ 

di^ 

Since ^=.c+|8l, -^=/S. 
dT dT^ ^ 

Hence i®*T. 

'^'eutral temperature : Since at neutral temperature ^=0 

j J7 

and again --=flc+j8/, neutral temperature is obtained from 
dt 

the equation — where r„ and an respec- 

tively the neutral temperature and the cold junction temperature 
in the Kelvin scale. If Tn-~T^=t\C. In such 

a case putting < + = we get neutral temperature tn = — ~ 

P 

in degrees Celsius (centigrade). 

"No emf* condition is obtained by putting £=0 in the 
emf equation E = <t+^pt^, This gives the values of t as t=0 
and /= — 2<ip, The first value indicates that the two junc- 
tions are at the same temperature and the second value refers 
to the inversion temperature in degrees Celsius (centigrade). 

The thermo-electric constants of a few common metals 
with reference to lead as the other member of the couple arc 
given in the following table. The constants applied to the 
formula give the emf in microvolts of the 

thermocouple of the metal concerned and lead. 

TARTF riF miM<iJTAMTQ 


METALS 

oC 


Antimony 

+35-6 

+0-145 

Bismuth 

-74-42 

+0-032 

Constautan 

—37-76 

-0-079 

Copper 

+2-76 

+0-012 

Iron (soft) 

+ 16-65 

-0-030 

Nickel 

-16-30 

-0-027 

Silver 

+3-34 

+0-008 

Zinc 

+3-10 

-0-032 
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ILLUSTRATIVE EXAMPLES 

1. One' end of an iron-lead couple is maintained at 0°C and 
the other at lOO'C. Thermo-electric power of the couple is 
15’5 pV per degree Celsius at 0°C and it is —10‘3 pV per degree 
Celsius at JOO'C. 

Calculate (a) the Peltier coefficients, (b) the Thomson tmf 
and (c) the total emf. , 

Solution : (a) Peltier coefficient Tr=T^^ 

^ aT 

Hence irjoo = 373 (-10-3)= -3841-9 pV 
jTo =273 (13-5) = 3685-5 /iF 

(b) Thomson coefficient a = 

aT^ 

d*E dP Pioo Pq 10-3 13-5 „|/ 

dr* oT 100 100 ^ 

e= f.dT= ^^fT.dT= -0-238[^f]r_ii-9x646 

873 273 273 

Hence —7687*4 micro-volts. 

(c) £= Average x temperature difference 

ai 

= 100= 1-6x100= 160 

3 78 

Alternatively, E=irj^oo—‘^o—J^ ^dT 

278 

or E= _3841-9- 3685-5-(-7687-4) 

or E= 160 pV. 

2. Thermo-electric powers of silver and iron coupled with 
lead are respectively obtained from the relations 3'34+0’008 t 
and 16'6S—0'010 1 expressed in microvolts per 0*C, t being the 
temperature in degree Celsius. Determine the emf of silver- 
iron couple with junctions at 20'’C and lOCfC, 

Solution : The thermo-electric power of silver-iron couple 
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are obtained by taking the difference of thermo-electric power 
with lead. So, 

P,o =(16-65 -0 030 X 20)-(3-34+ 0 008 x 20)= 12-55 
00 = (16-65-0030 X 100)-(3-34 + 0-008 X 100)= 9-510 
Average P=| (12-55+9-510)= 1103 
£.A/.F=ll-030 x 80 = 882-40 Mk'. 

3. Calculate nith the help of the data given in the foregoing 
table of constants, ihe neutral temperature for iron-copper 

couple. 

Solution : We have En—Eci — Eic, hence 

(<it+hBit*)-(<,t + ^P,t^) = <ict+^Pict* 
or “ti ot+i^i ct* = ("tt ~ *e)t+'5(^» — 

So for the iron-copper couple •t,c = *<— *<^0 i3,e=j8<— /S*. 
Substituting for values of «Cj, <Ce> Pc table 

<<, = 16-65- 2-76=13-89 
= -0-030-0-012 -0-042 

Neutral temperature = r„ = — .li® = i^^= 33rc. 

P» 0 042 

4. Determine the Peltier coefficients and Thomson emf of a 
couple whose thermo-emf is obtained as £=19-64?+0-035t* pV, 
t biing the temperature difference in degree Celsius of the 
Junctions kept at (PC and 10(PC. 

Solution : E = 19-64t+0-035t® 

19-64 + 0-070/, *^=0-070 
dt dt^ 

hence =273 x 19-64 = 5 36 mV. 

di 

and iTioo =373(19-64+7-00)= 9-93 mF 
and <7,-(7, = r~ = 0-070r. 

111-7. THERMO'ELECTBIC MEASUREMENTS 

Measurement of Peltier Coefficient : The junctions of the 
thermo-couple (A—B—.4) for which the Peltier coefficient is 
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to be determined are inserted in two Dewar vessels (D^, in 
Fig. 3-13). The vessels contain a non-conducting liquid in 
quantities which would make the thermal capacities of the two 
vessels with their contents equal. Any difference in temperature 
of the two vessels is to be detected by a copper-constant 
thermoco-uple (T) in series with the galvanometer (G). A 

battery (EJ sends a 


‘tc W I 



Fig. 3-13 


current through the 
junctions of the 
thermo-couple un- 
der observation. 
Due to Peltier effect 
one of the junction 
will be heated and 
the other cooled. 
But Joule’s heating 
effect will cause 
heat production in 
both proportional 
to the resistances 


and of the conductors inside. To equalise the rise 
in temperature in the two vessels due to all the effects resis- 
tances and Tg are introduced in the two vessels respectively. 
By passing a suitable current in one of the two at a time from 
a separate battery (Eg) circuit heat produced in the two vessels 
are equalised which may be ascertained by obtaining a balance 
in the galvanometer in the copper-constant thermo-electric 
circuit. 


Let TT be the Peltier coefficient and / be the current through 
the thermo-couple under observation, the current in the 
resistance The heats generated in the two vessels under the 
arrangement are 

and —m+i^R^+ilr^ 

and if these are the values after adjustment to equality then 

i?2)=27r/ — (i) 
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The current in the thermo-couple (under investigation) 
circuit is now reversed and this time for balance in the copper- 
constant circuit current is passed through instead of /'g, 
which however carries no current. Now for a balance this time 


/ 2(^1 - 2) = — 27 ri + 

From (i) and (ii) 

4/ 


(ii) 


/g and /o are measured by means of an ammeter, and 
are known resistances, tt is calculated from the above equation. 
This method is due to Caswell. 


Measoremeot of thermo-emf : In a simple way the emf 
of a thermo-couple may be determined by means of a potentio- 
meter. Let a potentiometer (Fig. 3* 14a) wire having a resis- 
tance r include in its circuit an external resistance R and a 
cdlof emf E. If the current in the circuit be i the potential 
drop per unit length of the potentiometer wire of length L 
is given by irjL. Putting the value of /, this potential drop 
F r 

is obtained as „ . If a thermo-couple is balanced 

Rj+r L ^ 


at a length / on the wire, its emf 'is given by 


Er_ 

R~+r • 


/_ 
L • 



Fig. 3 ■14a 



This method has some drawbacks. For accurate deter- 
mination a modified a arrangement using a standard cell is 
preferred. The circuit diagram is as shown (Fig. 3T4b). 
and are two resistances of such values that the potential 
drop along the potentiometer is of the order of the themo- 
emf. is a standard cell with a high resistance /?* in series. 
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The values of and are so adjusted that there is no 
current in the galvanometer (G) on closing the keys and 
ATg. When this is obtained the potential drop across R^ is 
equal to the emf (e) of the standard cell. So the current in 
the resistance as well as in the potentiometer wire is ejR^. 
The potential drop per unit length of the wire of length L and 

resistance r is given by ^ If the thermo-couple emf 

R-^ L 

E be balanced at a length / then 

L 

One junction of the thermo-couple is put in melting ice, 
the other junction is heated to different known temperatures 
and the cm/ is balanced for, each temperature and calculated 
from the expression for E, While the thermo-couple is put 
in circuit the standard cell should be disconnected by opening 
the key K^, 

f 

i.e., the thermo-electric power for any temperature 

may be obtained from the slope of the E-t curve. 

DeterminatLn * f constants < and ^ . The equation represen- 
ting the relation between the emf and temperature difference 
of the junctions is given by 

E— “ 

or ~ = 
t 

A series of values of E corresponding to different tempera- 
tures of the hot junction (/), the other junction being at O'^C, 
is obtained. Ejt is plotted against t. The slope of the 
straight line graph obtained gives Ip and its intercept on the 
Ejt axis is a measure <. 

Determination of Thomson coefficitnt ; Since =j3.r 

{Seech. 1 11-6) a knowledge of jS determines If the 

material be lead 0 - 5 = 0 , we have 

1II-8. APPLICATIONS OF THERMAL EFFECTS 

Mot wire Instruments ; Heating effect of current is utilised 
to measure current in a hot wire ammeter. The essential part 
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of the instrument is a fine platinum-irridium wire (R-R in 
Fig. 3 ’ 15 ) kept stretched with ends connected to the terminals 
of the instrument. A fibre connected at the middle of the wire 
passes round a grooved pulley (W) and its other end is attached 
to a fixed spring (S) which keeps the system taut. A light 
pointer (F) attached to the 
pulley moves over a scale 
when the pulley rotates. 

If a current flows in 
R-R the wire is heated 
and on expansion it sags. 

The slackening of the ten- 
sion is taken up by the 
spring through the fibre 
and the pulley rotates cau- 
sing the pointer P to move over the calibrated scale. The 
increase in the length of the wire depends upon the amount 
of heat produced which again is proportional to the square 
of the current. The scale readings are obtained by passing 
known direct currents. 

The oscillations are damped by the movement of an alumi- 
nium vane (A) attached to the pulley in a field due to a 
horse-shoe magnet. 

When used as a voltmeter the scale is to be calibrated in 
volts. 

Current carrying capacity of this type of instruments is 
limited as the wire is fine. No shunt is necessary for currents 
upto an ampere. When used as a voltmeter a series resistance 
may be necessary. The instruments are sluggish in action. 
These are suitable for alternating current and voltage, since 
the heating effect is proportional to the square of the 
current. 

Thermo-galvanometer : This is a current measuring device 
based' on thermo-electric and heating effects. A loop of silver 
wire whose ends are attached to two bars, one of antimony and 
the other of bismuth respectively hangs between the pole-pieces 



Fig. 3 15 
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of a magnet and the tips of the bar are soldered. Just below 
the junction there is a resistance wire through which the current 
to be measured is passed. The wire gets 
heated and the radiation from it causes 
a thermo-electric current in the thermo- 
couple circuit of which the loop is a part. 
The deflection of the loop is a measure 
of the current. High frequency currents 
of a few micro-amperes may be measured 
with this instrument. 

Thermopile, Radio micrometer, thermo-couple pyrometer 
are instruments based on thermo-electric efiFects for measure- 
ment of radiant heat and high temperature. These come 
within the purview of Heat and as such are not discussed in 
this treatise. 
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EXERCISES ON CH^TER 111 

3-1. Obtain the relation between the heat developed in a 
conductor and the current flowing through it. 

Show that in branching of current in a network the 
distribution is such that heat production is minimum. 

Obtain the condition for maximum heat production in a 
circuit drawing a current from battery. 

3-2. Describe in brief the thermo-electric effects in a 
circuit. Discuss the theoretical reasoning which led Lord 
Kelvin to conclude that the Peltier effect alone cannot explain 
the behaviour of a thermo-couple. 

3-3. Discuss the thermodynamics of a thermo-couple and 
obtain the values of Peltier and Thomson coefficients in terms 
of quantities which can be experimentally determined. 

3-4. Deduce an expression for the thermo-couple emf 
in terms of the Peltier and Thomson coefficients. Deduce and 
explain the laws of intermediate temperatures and intermediate 
metals. 

3-5. How can you demonstrate the existence of Peltier 
and Thomson effects ? 
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Describe an experimental method of determining Peltier 
coefScient of a thermo-couple. 

3-6. Explain the terms ; Thermo-electric line, Neutral 
temperature. Inversion temperature. Thermo-electric power. 

What is Tait’s diagram ? Discuss how from the diagram 
you can obtain the values of Total emf, Peltier and Thomson 
coefficients. 


3-7. Define Thermo-electtic power. Prove the relations 

T ar,A T 

n-T— and n.-n.-r — 


3-8. Give the equation representing the thermo-ew/ in 
terms of constants and temperature difference of the junctions. 
Obtain the different quantites involved in terms of these 
constants. How can these constants be determined experi- 
mentally ? 

3-9. What is thermo-electric diagram ? Discuss the 
importance and indicate the informations which can be 
obtained from it. 

In an experiment with a thermo-couple having one junction 
at it was found that for hot junction kept at lO'^C and 

3(rc the emfs are respectively 98 /aK and 202^V. Calculate 
the neutral temperature and thermo-electric power at 100°C. 

[Arts : 250° C, 5*8 /LtKper^’C] 

3-10. Given that the thermo-electric power of lead-copper 
couple may be expressed as 136+0 95/ ^iV per °C and that 
of lead-iron as 1734— 4 87/ /xK per °C, where t is in degrees. 
Calculate the emf of copper-iron couple when the junctions 
are at VC and 100° C. 

[Ans : 0*13 volt] 

3-11. What is Tait’s diagram? Prove that the emf of 
a pair of metals may be obtained as the product of average 
thermo-electric power between the temperature of the cold 
and the hot junctions and the temperature difference. 

3-12. Show how you can obtain the emf of a thermo- 
couple of two metals from the thermo-electric lines of the 
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thermo-couple of the metals separately formed with a standard 
metal. 

The thermo-electric power of lead-copper couple is 

2’76+0’12 [iV per degree Celsius and 
for a lead-constant couple it is 

—'iT16—0’079t [iV per degree Celsius. Calculate the emf in 
a copper-constant couple whose junctions are at OT and 
200°C respectively. Obtain the neutral temperature. 

[Am: 8286 445-rC] 

3-13. The thermo-emf in a thermo-couple is given by 
£=13*31t-0-022/2^F 

where t is the temperature difference in degress Celsius of 
the junctions, the cold junction being at OT. If the hot 
junction temperature is lOOT, calculate Peltier coefiBcients of 
the junctions and the Thomson emf of the couple. 

[^/i5 : 7r^oo = 3’32 mV, 7ro = 3‘63 mV, (7a—aj,= 0 0447] 

3-14. Describe the experimental method of accurately 
determining the emf of a thermo-couple. State how you can 
hence obtain the - thermo-electric power and thermo-electric 
constants. 

3-15. What is a Hot-wire ammeter ? Describe its working 
principle and discuss its merits and demerits. 



CHAPTER IV 


ELECTROLYTIC CONDUCTION 

IV-l. MECHANISM OF CONDUCTION IN SOLUTIONS 

Ionic Dissociation : When an electric current is passed 
through a metallic conductor, no change is produced at 
the terminals through which the current enters and leaves 
or in any part of the conductor. This is otherwise in case of 
conduction through solutions. The passage of current through 
a solution causes a deposit of material substances on the 
electrodes Le. the terminals. The deposit on the two electrodes 
are not similar. Further, amount of deposit is found to be 
proportional to the strength of the current and also to the time 
through which it flows. These facts were first enunciated by 
Faraday as laws of electrolysis. Pure liquids (except mercury, 
which is a metal) do not conduct electricity. The reason for 
this is attributed to the fact that they contain no free electrons. 
But it is found that liquids having some dissolved chemical 
compounds are in many cases found to become conductor. 
Pure water is a very poor conductor of electricity but it is 
observed that a small quantity of dissolved chemical salt 
increases the conductivity. Therefore it must be assumed that 
carriers of current in some form or other are formed in 
solutions. 

ARHENIUS’ THEORY : In order to explain the conduc- 
tion of current through a solution Arhenius introduced the 
theory of electrolytic dissociation which asserts that a liquid 
having some particular kinds of chemical compounds in solution 
contains charged particles, both positive and negative. These 
charged particles are called ions and these are produced by the 
spontaneous disintegration of the molecules of the compound 
in solution in two parts carrying equal quantity of opposite 
charges. Thus in the case of AgNO^ molecules which on 
being dissolved in water splits upto a certain fraction of the 
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total number of molecules and free Ag^ and NO~ ions are 
formed. These ions move at random in all directions inside 
the solution. The solution indicates no net charge of any kind, 
there being equal number of positive and negative ions. There 
is also no net movement of charge of one kind in any particular 
direction, the motion of two kinds of ions, carrying opposite 
charges being random. 

When the ions in the solution come under a directive 
influence as may be done by establishing a potential gradient 
inside the solution, the positive and negative ions are drifted 
in mutually opposite directions towards the negative and 
positive electrodes respectively. This constitutes a current 
flowing through the solution. The current inside the solution 
is carried by the molecules or groups of molecules in the form 
of ions. As such deposit and reactions are expected at the 
electrodes where the ions terminate their journey through the 
solution. The terminal which receive the positive ions, known 
as cation^, is called the cathode and the negative ions or anions 
are the particles which migrate upto the terminal called the 
anode. Metallic ions are deposited on cathode and they carry 
positive charge and the non-metallic ions reaching the anode 
are negatively charged. 

Since according to Arhenius the current through a solution 
is entirely due to the motion of ions, the conductivity of solu- 
tion should depend upon the number of free ions present. It 
is found that any potential difference, however small, causes a 
current to flow. Hence it becomes evident that a solution 
contains at least a few ions, otherwise a minimum potential 
difierence would have been necessary to effect the separation 
of particles carrying opposite charges forming a molecule. 

Factors causing dissociation : Any agency which weakens 
the attractive force between the opposite charges in the 
molecule will tend to dissociate the molecules. The force 
between opposite charges depends on permittivity (dielectric 
constant) of the medium in which these are placed. Since 
liquids possess high permittivity, the bond between opposite 
charges become weak in solutions and the impact of molecules 
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due to thermal agitation causes some molecules to split up 
into ions. Clausius pointed out that the equilibrium condition 
in solution (electrolyte) cannot be such that ions of opposite 
charges remain firmly bound together. The equilibrium is a 
dynamic one so that ions are continuously changing partners 
and a number of ions are momentarily present as free ions. 
During such free state an applied electric field in the solution 
directs these in appropriate directions and such flow of 
oppositely charged ions constitutes the electric current. 

Reactions at the electrodes : When the ions arrive at the 
electrodes their charges are neutralised. The atoms or 
groups of atoms are then either deposited on the electrodes 
or liberated there, otherwise they may as well be involved 
in chemical reactions at the electrodes. An illustrative 
example is discussed. 

When an electric current is passed through CuSO^ solution 
ions are directed towards the cathode and at the end 
of journey they give up their charges and Cu atoms are 
deposited on the cathode. The SO^ ions move towards the 
anode and lose their charges on reaching there. The 
uncharged SO^ radical cannot remain as such and the final 
result depends upon the nature of electrode. If the electrode 
be copper, SO^ combines with Cu to from CuSO^ which again 
goes into solution. As a result the total quantity of CuSO^ 
in solution, in other words the concentration of the solution 
remains unaltered. The net result of the current flow being 
a transference of copper from anode plate to the cathode. 
If the anode is made of platinum SO^ radical reacts with H^O 
and oxygen is liberated at the anode. 

2S0^ + 2H^0 = 2H^)>0^ + 0^ 

EVIDENCE FROM OSMOTIC PRESSURE ; It follows 
from the laws of osmosis that equimolecular solution (having 
the same number of molecules per litre) of different 
substances in water have the same osmotic pressure and 
hence the same freezing point. It is found that osmotic 

C. E.-9 
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pressure (obtained by freezing point determination) of 
electrolytic solutions is greater than that of equimolecular 
solution of ‘normal’ substances, such as cane sugar, which 
in solution do not form electrolyte. In all cases electrolytic 
solution behave as if they contain abnormally large number 
of molecules. This is explained by assuming that the ions 
in solution each behave as separate solute molecule. It thus 
confirms the idea of electrolytic dissociation. According to 
Arhenius the production of extra particles by dissociation 
is responsible for the abnormal rise of osmotic pressure in case 
of electrolytic solutions. 

An objection to Arhenius’ theory was that it would be 
impossible for elements such as sodium which reacts with water 
to exist as ions in water or for substances, as chlorine, which 
are soluble in water to remain as free ions instead of initiating 
the bleaching action in dissolved state. Such objections are met 
with if it is remembered that an ion is in an entirely different 
condition from that of the uncharged atom. The chemical 
properties of an atom is attributed to the number of electrons 
in the outer shell. A sodium atom which has only one electron 
in the outer shell loses it when it becomes an ion and having 
ten ( 2+8 ) electrons in the two saturated shells behaves as 
inert neon atom. In fact it is found that chemical reactive 
properties is restored when the ions give up their charges to 
the electrodes. 

ElBect of temperature : Unlike metallic conduction electro- 
lytic conduction is accompanied by transport of atoms and 
molecules. Metallic conductivity, which is due to free electrons, 
decreases with rise of temperature. This is because of the 
fact that retardation in motion of electrons is increased due 
to increased thermal agitation of molecules. But is found 
that rise of temperature causes better conduction in electrolytes. 
This is attributed to the dimunition of viscosity of water, 
reducing the resistance offered to the passage of ions. Ionic 
mobility and hence the conductivity increases by about two 
percent for each Celsius degree of temperature rise. 
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IV-2. PHENOMENON OF ELECTROLYSIS 

Faraday’s Laws : Faraday experimentally found that when 
an electric current is passed through an electrolytic solution 
there is splitting of dissolved chemical compound in its 
constituent parts. This is known as electrolysis. There are 
deposits or liberations of substances at the electrodes. 
Faraday obtained a relation between the quantity of eleclec* 
tricity passed through the electrolyte and the mass of substance 
liberated. 

FIRST LAW : The mass of any substance liberated by 
electrolysis is directly proportional to the quantity of charge 
that has passed through the electrolyte, 

SECOND LAW : The masses of different substances 
liberated during electrolysis by the passage of same quantity 
of charge are proportional to their respective chemical 
equivalents. 

Chemical equivalent is in general obtained as the ratio, 
atomic weight/valency of the element. If expressed as gramme- 
equivalent it is the mass in grammes which in a chemical 
reaction combines with or displaces eight grammes of oxygen. 

Electro-chemical equiralent : The first law as stated in the 
foregoing lines may be expressed as 

t 

m oc J i.dt 

where m is the mass of deposit in time I by a current i 
causing a passage of charge q. The above relation may be 
written as m=Zit=Zq. 

Z is a constant, called the electro-chemical equivalent of the 
the element. It is defined as the mass of ion deposited by one 
coulomb of charge or by one ampere current in one second. 

Faraday : It is found that the gramme-equivalent of a 
substance divided by its electro-chemical equivalent 1.e. the 
amount of charge required to liberate one gramme-equivalent is 
the same for all elements. Taking for instance, the case of 
silver of which the gramme-equivalent is 107' 88 and electro- 
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chemical equivalent is 0*0011180, the quantity of charge 
required for liberation of one gramme-equivalent of silver is 
obtained as 


^“o^fW (approx.) 


If Z for silver is taken as 0*001 1183 F becomes equal to 
96470. This amount of charge expressed in coulombs is called 
a Faraday. 

Ionic charge : Since the gramme-equivalent of all monova- 
lent atoms contain the same number of atoms it is to be 
concluded from the definition of faraday that the liberation 
of each monovalent atom from the electrolyte requires the 
of same amount of charge. It confirms the idea that the 
charged atoms are carriers of electricity and all monovalent 
ions carry a constant and fixed amount of charge, whatever 
be its chemical nature and a divalent ion carry the double 
amount of charge. 


Each gramme-atom of an element contains ths same number 
of atoms denoted by ,V, the Avogadro number. For a mono- 
valent atom, gram-atom is same as the gramme-equvalent 
as in the case of silver. N ions of silver carry one faraday of 
charge, hence the charge associated with each ion of silver is 


e 


F 

w 


_ _ 

6*023 X id* » 


= 1*601 X 10"^® coulomb. 


This is the minimum amount of charge to be obtained 
from an ion and so this must be the charge carried by a single 
electron or proton. We cannot get any charge less than this. 
Hence comes the idea of atomicity of electricity. It is the 
natural unit of electric charge and in terms of our conventional 
unit of charge, one electronic charge may be expressed as 
1*601 X 10"*“ e. m. units or 4*803x JO'^® e. s. units of charge. 
Alternatively, electrostatic unit charge may be defined as the 
charge carried by 2082 x 10® electrons. 

International Ampere : Faraday’s law and the idea of 
elctrochemical equivalent provides for a convenient working 
definition of ampere, the practical unit of current. It is 
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measured as the constant current whitch when passed through 
an aqueous solution of silver nitrate causes a deposit of silver 
at the rate of 0*0011180 gms. per second. This unit is called 
international ampere. Consequently international coulomb is 
the amount of charge depositing 0*0011180 gm. of silver from 
a silver nitrate solution. 

Polarisation in electrolysis : It is found that any potential 
difference however small causes a current to flow through an 
electrolyte, but the current is stopped very soon unless the 
potential difference between the electrodes exceeds a minimum 
value. In electrolysis of acidulated water this potential 
difference is about 1*7 volts. The reason for stopping of 
the current is attributed to the deposit of ions on the electrode 
forming a layer of charge which produces an opposing em^. 
This is called polarisation. This may be observed by arranging 
electrolysis of water between two platinum electrodes. 

The experimental arrangement is as shown in sketch 
(Fig. 4*1). The liberated oxygen and hydrogen are respectively 
deposited on the anode and the cathode of the water volta- 
meter (V). Very soon there is a layer of hydrogen ions on the 
cathode and oxygen lies on the anode. This causes an opposing 
emf directed from cathode to 
anode inside the voltameter. 

This is the back emf tending 
to send a current in the 
opposite direction and very 
soon electrolysis is stopped. 

If now the battery be disconn- 
ected and a circuit is completed 
externally through a galvanometer (C?) the galvanometer shows 
a momentary deflection indicating the effect of back emf. 
Therefore for continuous electrolysis of water the emf of the 
battery must exceed the back emf created in such a case. 
The back emf is found to be 1*7 volts. A single Daniell 
cell which has an emf of 1*1 volts cannot be applied to 
decompose water continuously. A minimum vollage is 
necessary to overcome the effect of polarisation. 


[dodk emf ^ 

f 



V 
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K 


Fig. 4-1 
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Inlenial resbtance of electrolyte : When the current passed 
through an electrolyte is small and lasts only for such a short 
time that there is no change in concentration, the relation 
between the applied emf (E) and the current (/) produced is 

found to be linear but the strai- 
ght line does not pass through 
the origin (Fig. 4'2). It is due 
to back emf. If E is the applied 
emf and e is the back emf, the 
resistance of the liquid is given 
by R=(E-e)li. Where there is 
no polarisation, as in the case of 
electrolysis of copper sulphate 
solution with copper electrodes, the internal resistance should 
be calculated as Eji. 

If in an electrolysis E is the applied emf, e is the back 
emf and R is the resistance of the electrolyte, the current f 
is given by 



1 = 


E-e 

R 


or Ei=Ri^+ei 

The power supplied is Ei and it is spent in two parts, Ri • 
is the power consumed in heat production and ei represents 
the power used up in chemical changes. 


lV-3. CONDUCTIVITY AND CONCENTRATION 

A few definitions : There are some terms used in connec- 
tion with conduction through solutions. 

CONCENTRATION : The number of gramme-equiva- 
lents of the solute in one litre of solution is measured as the 
concentration (c) of the solution. 

DILUTION : It is the volume in litres which contains 
one gramme-equivatent of the solute. If it is denoted by d, 
by definition c=l/d. 

SPECIFIC CONDUCTIVITY OR CONDUCTIVITY ; It 
is the reciprocal of resistance of a column of liquid one centi- 
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metre long and one square centimetre in cross-section. It is 
denoted by K. 

EQUIVALENT CONDUCTIVITY: It is the conduc- 
tivity of that quantity of solution which contains one gramme- 
equivalent of the solute when measured with electrodes one 
centimetre apart. If it be denoted by A, then \=Kd=Klc. 

The importance of the idea of equivalent conductivity 
is that A is a measure of the conducting power of a fixed 
quantity of the solute irrespective of dilution. The quantity, 
as defined, should not vary with change of concentration. 
But this not true in all cases. 

MOLAR CONDUCTIVITY (A) is defined as the quantity 
of a solution which contains one gramme-molecule of the 
solute when measured with electrodes one centimetre apart. 

For monovalent salts A=A 
For divalent salts 2A = A 

DEGREE OF DISSOCIATION : In an electrolyte the 
degree of dissociation is obtained as «c=«/JV, where n is the 
number of molecules dissociated and N is the total number 
of molecules present in the solution. 

Variation of condnetivity : It is found that the conductivity 
of a solution diminishes on dilution. It is as would be expec- 
ted, as on being diluted a given volume of solution contains 
a diminished member of ions and since conductivity is due to 
ions present, conductivity should fall with decrease of con- 
centration. So if fresh ions are not produced by dilution 
conductivity should be inversely proportional to the dilution 
of the solution. Again, since equivalent conductivity 
measures the conducting power of a fixed amount of the 
solute it should have a constant value and should not show 
any decrease with dilution. It is actually found to be 
approximately constant for some salts but most of the solutions 
of inorganic salts in water show increased equivalent conduc- 
tivity with dilution. The behaviour of equivalent conductivity 
with dilution thus divides the solution in two distinct classes. 
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WEAK AND STRONG ELECTROLYTES : If only a 
fraction of total number of molecules of the solute are dissocia- 
ted and that fraction increases with dilution i.e. if fresh ions 
are produced by dilution the equivalent conductivity increases 
on diluting and tends towards a superior limit for infinite 
dilution. There are some electrolytes which behave in this 
way. These are known as weak electrolytes. Acetic acid, 
sodium carbonate solution are electrolytes of the type. These 
electrolytes obey the Ostwald's dilution law, concerning the 
degree of dissociation and c, the concentration, expressed in 

symbols in the form, = constant. 

1 — c 

If Ac and A qc are respectively the equivalent conductivities 
at concentration c and at infinite dilution then, 

.c=-^= 

N Xoc" 

Thus Ostwald’s law may be written as 

A 2 c 

' = constant. 

(A oc ^c) 


strong 


In weak electrolytes A increases from a low value as the 
dilution is increased. But yet there Is 
another kind of electrolytes in which < 
remains practically constant at a high 
value showing no change with dilution 
and maintains its value even for a high 
value of d, though at low values of d, A 
is slightly lower. These are known as 


r 


Fig. 4-3 

Strong electrolytes. 


DEBYE-HUCKEL THEORY : The anomalous behaviour 
as shown by weak and strong electrolytes has been explained 
by Debye-Huckel theory of complete dissociation. According 
to this theory strong electrolytes are completely dissociated 
at all concentrations. In weak electrolytes < varies with 
concentration and for high concentration <-*<). In strong 
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electrolytes < remains practically unchanged with variation 
of concentration and for all concentrations. Since strong 
electrolytes are completely dissociated there is no change in 
equivalent conductivity with change of concentration. The 
deviation from ideal behaviour, that is slight increase with 
dilution at low concentrations is due to the decrease in 
mobilities of ions arising out of retarding forces. These 
are caused by (i) inter-atomic forces arising out of electrostatic 
attraction between opposite charges, (ii) the retardation caused 
by surrounding polar molecules of the solvent and (iii) the 
viscosity of the liquid. At higher dilutions all these effects 
become negligible. 

IV.4. MIGRATION OF IONS 

Ionic Mobility : Ions remaining in free state in a solution 
experience force due to applied electric field and as such 
acquire velocity. The maximum velocity depends upon the 
intensity of the electric field and the charge of the ion. But 
it is also controlled by the nature of solvent and the effective 
size of the ion considering that it remains surrounded by a 
group of neutral molecules Since this varies for different 
ions, even m an equal electric field the velocity of ions of 
different substances will not be the same. 

Ionic mobility is defined as the velocity of the ion under a 
potential gradient of one volt per centimetre. It is a constant 
for a particular kind of ion at a given temperature and 
concentration. If the velocity is v centimetres per second and 
the potential gradient is E volts per centimetre then the ionic 
mobility is obtained as fji=vlE. 

Ionic velocity and change in concentration : It is found 
that there is a variation in concentration of the solution at the 
anode and that at the cathode as well when a current flows 
for sometime. This is accounted for by the difference in 
velocity of two kinds of ions. 

Let u and v be respectively the velocities of the positive 
and negative ions. The current and therefore the amount of 
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deposit in a given time will be proportional to «+v. This will 
be evident by considering the facts that (i) the current is 
measured as the transference of total charge, positive and 
negative charges moving in opposite directions producing a 
a cumulative effect, (it) the deposit at any electrode consists 
not only of the ions which have migrated there from the other 
end but also of those set free there by the transport of 
oppositely charged ions. 

Let us consider that the flow of current for such a time 
that («+v) gramme-molecules of the solute have been with- 
drawn from the solution. For this («-l-v) gramme-ions have 
been deposited at the cathode and of this u gramme-ions have 
been gained by migration from the other end leaving a net loss 
of ( «-|-v )— M=v gramme-ions of positive ions of the solution 
around the cathode. Also v gramme-ions of negative ions 
have been lost by transport to the other end. Hence there is a 
net loss of v gramme-molecules of solute in solution in the 
region of the cathode. Similarly it may be argued that on the 
anode side round about it there has been a loss of u gramme- 
molecules of solute. Hence 

Loss of concentration at th e cathode _v 

Loss of concentration at the anode u 

It is to be noted that since ( w-i-v ) gramme-molecules of 
solute has been removed from the solution the net loss of 
concentration of solution as a whole is (n-t-v) gramme- 
molecules. This deduction is based on the assumption that 
there is a middle compartment in which the concentration 
remains unchanged. But prolonged flow of current and 
mechanical disturbance inside the solution destroys this ideal 
state. 

The reductions in concentrations as stated, do not occur 
if the electrodes are soluble. This happens when the electrodes 
have the same metallic radical as that of the solute, such 
as in the use of silver electrodes in the electrolysis of silver 
nitrate or of copper electrodes in copper sulphate solution. 
In such a case, the total amount of solute in the solution. 
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remains unchanged, there being gain in concentration near the 
anode accompanied by equal loss around the cathode. Let 
us consider the electrolysis of CuSO^ solution with copper 
electrodes at a stage when ( «+v ) gramme-ions of copper 
has been deposited on the cathode. This is the loss of copper 
of the solution around the cathode. This region has gained 
u gramme-ions of copper by migration from the other end. 
Hence net loss of copper is ( «+ v )— «= v gramme-ions. Since 
the loss of SO^ ions by transport to the other end is also v, 
so the net loss of solute in the cathode region is v gramme- 
molecules. At the anode copper goes into solution and net gain 
of copper is ( «-t-v ) gramme-ions. Of this u gramme-ions 
has been removed by transport. Hence the net gain of copper 
ions is V gramme-ions. Also an equal quantity of SO^ ions is 
gained by migration. Hence net gain of CuSO^ in the solution 
around the cathode is v gramme-molecules. 

Transport Nnmben : The quantity of charge carried by 
positive ions per second across unit area of the solution is 
proportional to u and the charge carried by negative ions 
in the same time across the same area is proportional to v. 
Hence the current flowing through the solution is proportional 
to (« + v)’ The fractions of the total current carried by cations 
and anions are called their respective transport numbers and 
are respectively equal to 

— and — 

M+V M+V 

It is also evident that, — ^ 

M+V 

_ Mass of metallic ion removed from the solution near cathode 

Total mass of metallic ion deposited on the cathode. 

Ratio of velocities of anions and cations i.e. vju may be 

obtained by measuring the change in concentration at the two 
electrodes. This can be done by special experimental arrang- 
ement. Two beakers filled with electrolyte are electrically 
connected by a small siphon containing the electrolyte. 
This siphon arrangement prevents the diffusion of the solute 
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tending to equalise any difference in concentration. If a 

current is passed for 
sometime there will be 
changes in concentration 
of the solutes in the two 
beakers in which the 
respective electrodes are 
dipped. This change 
may be determined by 
chemical methods. The 
ratio of the losses of con- 
centrations determines - . 

M 

Determination of absolute ionic velocities : The current 
through an electrolyte is carried by ions. Consider the case 
in which the ions are monovalent, so that one gramme-equi- 
valent of each kind of ion conveys a charge of 96470 coulombs. 
Let there be n gramme-equivalents of dissociated molecules 
per cubic centimetre of the solution. Then the concentration 
(c) of both kinds of ions are 1 OOOn gramme-equivalents per 
litre. Denoting the velocities of positive and negative ions 
by u and v respectively, the charges of two kinds passing 
unit cross-section of the solution in one second are 
respectively n.M.96470 and «.v.96470 coulombs. So the 
effective current density is n(«+v) 96470 coulombs.- 

The magnitude of current may also be calculated by 
applying Ohm’s law. Let p be the specific resistance of the 
electrolyte and V the potential drop across the electrolyte 
between the electrodes. If / be the length of the electrolyte 
and A its cross-section then R, the resistance of the electrolyte 
contained in this volume, is given by 


Denoting the specific conductivity by K, since P=^ 



Fig. 4'4 
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So the current 

R I 
i VK 

Current-density t=-r= -r =R-e, e being the fall of 
A l 

potential per unit length. 

So n(M-V-v) 96470= AT. e. 

“ 56?70 

Since 1000«=c, m-|-v=-. --^-^=^x0’1036c 
c 96 47 c 

Since -=A, («-i-v)=01036A.f> 

c 

If e - 1 volt/cm, (u-f v) becomes the sum of ionic mobilities 
of positive and negative ions. A occuring in the equation for 
(m+v) may be determined by Kohlrausch’s method {See IV-9). 

Thus we find that v/m and («-l-v) may be determined 
experimentally and so u and v may be obtained. 

lY-S. REVERSIBLE CELLS 

Characteristics of a reversible cell : A voltaic cell is 
regarded as a reversible one if it satisfies the following 
conditions. 

(i) When the cell Is connected to an external source of emf 
exactly equal to that of the cell, chemical action within the 
cell ceases and the cell fails to send a current. 

(ii) If the external emf is slightly less than the emf of the 
cell, a small current flows from the cell. On the other hand, if 
the external emf exceeds that of the cell by the same small 
amount, the same current flows through the cell in the 
opposite direction and all reactions occuring through the cell 
when it produces current, are reversed. 

In a cell, such as a Daniell cell, in which there is no 
polarisation, the ions liberated do not alter the nature of 
electrodes. Such a cell behaves as a reversible cell. But 
even in such a cell, if the current flows for a considerable time, 
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heat is produced in the cell and diffusion takes place inside 
the solution. Both of these are irreversible processes. So a 
reversible cell should be regarded as such when very small 
charge flows from it. 

A Daniell cell may be constructed by placing a zinc 
electrode in aqueous solution of ZnSO^ and a copper 
electrode in CuSO^ solution in water. The two solutions 
are kept separated by a porus pot. The cell may be represented 
chemically as 

Zn~ I ZnS 04 aq. ■ CuSO^ aq. | 


The positive current flows from zinc to copper through 
the solutions. During the passage of current zinc dissolves 
in solution and appears there are as iom, while at the 
other end Cu** ions are deposited on the copper electrode 
from the solution. If an opposing emf slightly greater than 
that of the cell is applied, current flows in the opposite 
direction through the cell causing deposit of zinc on the 
zinc-electrode and dissolving of copper-electrode. These two 
reactions are reversible and may be indicated symbolically as 
shown below 

cell in action 

Zd4-Co*^ Zn**-HCu 


external emf in action 


If the two emfs are equal the reactions cease. 

Application of Thermodynamics : A reversible cell may be 

regarded as reversible heat 
engine and its emf may be 
calculated by applying the 
laws of thermodynamics. 

Consider a reversible cell 
whose emf E is kept in a 
balance by an equal and 
opposing emf from an external 
Fig. 4’5 source. The cell is in an 

enclosure kept at a temperature T°K. By slightly reducing the 
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balancing emf let the cell be caused to supply a charge 9 
for a small interval of time St. The straight line A-B in 
the E-^-indicator diagram ( Fig. 4’5 ) represents the passage 
of charge q isothermally ( £ as such remaining constant ) at 
T° K. If the energy generated by chemical action in the cell 
is not sufficient to supply the electrical energy necessary to 
drive the charge, heat is absorbed. Since the process is isothermal 
the temperature remains constant and external source supplies 
the heat necessary. Let h joules be the heat supplied by the 
surroundings. 

Now let the cell be thermally isolated and again by slightly 
reducing the balancing emf the cell be made to pass a small 
charge dq. This process being adiabatic, the cell absorbs 
heat from within and falls in temperature. Let the temperature 
be T—ST and let the fall in temperature cause a fall in emf 

to E—~ ST. In the diagram BC represents this operation. 
dt 

Next let the balancing emf be increased, so that it is slightly 
greater than the emf of the cell. Let a charge q pass isother- 
mally through the cell in the reverse direction. CD represents 
this in the indicator diagram. An amount of heat is libera- 
ted in the process and it is absorbed by the surroundings. 

Finally, pass a charge dq through the cell adiabatically 
so that the temperature and the emf of the cell are restored 
to their initial values (T and E respectively). DA in the diagram 
represents this. 

The four operations as described constitute a reversible 
cycle. If W be the useful work obtained and h the amount 
of heat drawn at the higher temperature and ST is the tempera- 
ture difference then we may write by applying the second law 
of thermodynamics 

W _ ST 
h T. 

The work done by the cell represented by AB in the 
diagram is Eq joules and the work done on the cell represented 
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by CD= (e— ^ Srj q. So the net useful work obtained 

in the cyclic operation is given by 
W=q.^ hT 


(the work along BC and DE are equal and opposite) 


Hence 




or h = qT. — joules 

h is the heat drawn from the source when a charge q coulombs 
passes. This energy is supplied in addition to that obtained 
by chemical action. If H joules be the heat liberated when 
one coulomb is generated Hq joules are evolved during 
the passage of q coulombs. So equating the work done by 
the emf and heat energy supplied for the same we may write 

Eq=Hq+h=Hq+q.T. ^ 


or E= r.^. 

dT 

This equation is known as Gibbs-Helmholiz equation. 

If E>H, that is if the heat generated by chemical action 
is short of the energy (as supplied by the emf) of the cell, 
the cell while working therefore absorbs its own heat and 
falls in temperature there being a corresponding fall of emf 

I f-l 

with temperature i.e. 3-_. positive. If on the other hand it 
dl 

is observed that heat is generated when the cell is in action 
and current flows, then E<H and ^ is negative. So the emf 

dE 

decreases with rise of temperature. For a Daniell cell 

is zero and hen:e E=H. Therefore emf of the Daniell cell 
may be calculated directly from a knowledge of //, as shown 
in the following lines. 
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E. M. F. OF A DANIELL CELL : The clectro-chemical 
equivalents of copper and zinc are respectively 0’00033 and 
0*00034 gm/coulomb. When one gramme of zinc dissolves in 
acid 1630 calories of heat are liberated and when one gramme 
of copper is deposited 881 calories are absorbed. Hence the 
balance of heat generated when one coulomb of charge flows, 
expressed in joules, is obtained as 

(1630 X 0*00034 x 4*2)-(881 x 0 00033 x 4*2)= I'l joules 
Energy required to pass a coulomb of charge through a 
potential difierence of E volts is Ex 1 joules, hence equating 
the two energies 

£xl = l'l, or E-=l*l volts, which is the cmf of the 
Daniell cell. 

Standard cell : There arc two other reversible cells used 
as standards of emf. In these cells constancy of em/is obtained 
and there is very little variation with temperature. 

WESTON-CADMIUM CELL : The anode is mercury 
with a layer of mercurous sulphate on it. The cathode is a 
cadmium amalgam. The electrolyte is the saturated solution 
of cadmium sulphate. Cadmium sulphate crystals are kept 
near the cathode to maintain 
the saturation. The chemicals are 
contained at the bottom of two 
limbs of a glass tube shaped like 
H. Platinum electrodes are 
sealed through the bottom of 
each limb. In one branch 
mercury stands over the platinum 
wire, this forms the positive 
terminal. There is a paste of 
mercurous sulphate and cad- 
mium sulphate covering the Fip. 4-6 

mercury surface. In the other limb mercury and cadmium 

amalgam covers the platinum wire forming the negative 
electrode and over it there are some cadmium sulphate crystals. 
The rest of the tube contains a saturated solution of cadmium 
C. E.— 10 
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sulphate. The upper ends of the limbs are closed by fusing 
in a flame. The arrangement as stated may be represented as 

Hg. I Hg,SOi • CdSO^ I Cd. amalgam 
I Solid : Sol. | 


When the cell is in action cadmiun ion from the amalgam 
comes into solution and reacting with Hg^SOi liberates 2Hg* 
which is deposited on the anode 

Cd*+Hg,SO* V CdS04+2Hg^ 

The emf of the Weston-Cadmium cell is 1‘01830 volts at 
20°C. Any variation of the emf with temperature is indicated 
by the expression 

£=£,o-40-6+10-»(«-20)-9-5xl0-''(f-20)* 

+ 10- *(<-20)'’ volts. 

LATIMER-CLARR CELL : In this cell zinc amalgam 
is used as the negative electrode, the electrolyte is the saturated 
zinc sulphate solution. Mercury forms the positive electrode. 
The components may be expressed in symbols, as shown 

+ 

Hg I Hg,SO,i ; ZnSO^ | Zn-amalgam 

The reaction in cell consists of solution of zinc in the 
electrolyte and deposit of mercury from Hg^SO^ on the 
positive electrode. The emf E at any temperature t is given by 

£=1-438 [l-l-19xlO-*^(r-15)-7xlO-»(l-15)*] volts. 
The emf has a higher temperature coefficient than that of the 
cadmium cell. 

lV-6. CONCENTRATION CELLS 

Principle : Helmholtz first pointed out that instead of 
utilising the chemical action as a source of energy, the diffusion 
occuring between two solutions of the same substance at 
different concentrations may be used in construction of cells. 
The electrodes are made of same metal. The arrangement of 
such a cell may be represented as follows ; 
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Copper Cell : 


Ca 


CaSO^ sol. CaSO^ sol. 
conctd. dilate 


Cu 


Silver Cell 



AgNOs sol. 
cooctd. 


AgNOg sol. 
dilute 


Ag 


In such an arrangement the metal in contact with dilute 
solution goes into solution and that inside the concentrated 
solution gets a deposit. Thus the direction of conventional 
current within the cell is from the dilute to the concentrated 
solution. The metal in contact with the dilute solution 
forms the negative terminal of the cell when the cell is 
connected to an external circuit. 


Change of conccDtration of solotion : Let (/^+v) gramme- 
atoms or gramme-equivalents of the metal be dissolved in 
the dilute solution and an equal amount deposited from the 
concentrated solution, u and v being the ionic velocities of 
positive and negative ions respectively. We may consider 
the loss or gain of concentration of the solutions round the 
two electrodes for the silver cell as shown below. Let (m+v) 
gramme-atoms (which is same as the gramme-equivalent for 
silver) be deposited on the cathode. 


Inside the concentration solution 

Loss of Ag. by deposition 
Gain of Ag. by migration 
Net loss of Ag. = {u+y)—u 
Also loss of NO^ by transport 
Hence loss of AgNO^ 


gm.-equiv. 
u gm.-equiv. 

V gm.-equiv. 

V gm.-equiv. 

V gm.-mols. 


Inside the dilute solution 

Gain of Ag by solution 
Loss of Ag by transport 
Net gain of Ag={u-k-\)^u 
Also gain of NO^ by migration 
Hence gain of AgNO^ 


(m+ v) gm.-equiv. 
u gm.-equiv. 

V gm.-equiv. 

V gm.-equiv. 

V gm.-mols. 


Thus when (m+v) gramme-equivalents of Ag are deposited 
on the positive plate of the cell, there is a •net transference v 
gramme-molecules of AgNO^ from the concentrated to the 
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dilute solution. Hence for a deposit of one gramme-equivalent 
of silver the transference will be of v/(w+v) gramme-molecules 
of AgNO^. 

Source of energy : The energy of current in a concentra- 
tion cell is obtained from diluting of the solution. Work is per- 
formed as a solute in solution expands from a volume to 
This is due to osmotic pressure exerted by a substance in solu- 
tion. This pressure has the same magnitude as that exerted by 
an equal number of molecules existing as a gas in a space equal 
in volume to that of the solution. The gas law pv=RT is 
applicable to solutions, considering p as the osmotic pressure 
and V as the reciprocal of c, the concentration in gramme- 
molecules per unit volume. Consider a solution which by the 
action of an osmotic pressure n expands in volume by Sv in 
a reversible way. The work done is p.Sv. The total work 
for a change from a volume to a volume is obtained as 

W= J p.dv.= J Y^y=RT [ log, ^ ] 

’'l Vl 

Since Vi=l/Ci and v,= l/Cg 
W=^RT log. ( 

Remembering that when the solution is completely disso- 
ciated the osmotic pressure is double of that for no dissocia- 
tion we shall write W=2RT log^ ^ 


E.M.F. OF THE CELL : Work performed in trans- 
ference of charge q by an emf E is Eq, This energy is obtained 
from the process of dilution. If q is the charge carried by 
n gramme-equivalents 


Eq= InRT log^ 



For a gramme-equivalent of deposit ^7=9647 e.m. units 
and /i=v/m+v, the transport ratio of the negative ion. 
Hence E is obtained. 
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Temperature coefficient : In a concentration cell there is no 
chemical change and all the processes are reversible. Applying 

Gibbs-Helmholtz equation E= H+T^ to a concentration 

cell, H should be put equal to zero, because there is no 
chemical reaction causing liberation or absorption of heat, so 


or 


E = 

dT 


or 


dE 


dT 

T 


) - 


constant, 


so E cc T. 


Thus the emf of the concentration cell is proportional to the 
absolute temperature. 

Amalgam concentration cells : Two electrodes of amalgam 
having different concentrations of a metal dipped in an 
electrolyte of a solution of same salt of the metal form another 
type of concentration cell. The electromotive force of such a 
cell causes a transference of the metal from the amalgam of 
greater to that of lower concentration since the osmotic 
pressure in an amalgam is proportional to concentration, the 
work done by a solute in expanding is given by 



If each molecule dissociates into n other on going into 
solution the work is 

W=nRTlog, {^^^ = nRTlog, ( 


Pi and pg are the osmotic pressures of the metal in the 
amalgam and in the solution respectively. 

If El is the emf and qr is the quantity of charge which 
passes from the concentrated amalgam to the solution for 
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transference of one gramme-atom, the work is E^qr, where 
9=9647 (e.m.u) and r is the valency, so 




nRT 

9647/ 



Similarly at the other electrode 


The resulting emf 


_ nRT 
“ 9647r 



It may be mentioned that concentration cells have little 
practical use. 

IV-7. ELECTRODE POTENTIAL 


Solution pressure : When a metal is placed in a solution 
of its salt, as copper in CuSO^ solution, the osmotic pressure 
of the solution drives the metallic ions upon the metals causing 
a deposit. On the contrary atoms on the metal are urged 
by a solution pressure which tends to drive them as ions into 
solution. When these two opposing forces are equal an 
equilibrium is set up. For every solution there is a particular 
osmotic pressure acting on the metallic ions for which neither 
the ions are deposited on the solid, nor the ions from the 
solution goes into solution. At this stage, the solution 
pressure P is equal to the osmotic pressure p. If P be either 
greater or less than p, two different state of things occur. 

(i) Ifp >P, the result is that more ions are deposited 
than the number going into solution. As a result the solid 
becomes gradually more and more positively charged with 
respect to the solution and thereby a potential difference is 
created. Soon a stage is reached when the positive potential 
of the solid becomes so high that it prevents further incoming 
of the positively charged ions. 

Such a condition is obtained when a copper plate is dipped 
in CuSO^ solution. A definite potential difference is established 
between the solution and the copper plate which remains at 
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a higher potential and is taken as positive with respect to the 
solution. 

(ii) If p<P, the metal ultimately remains negatively 
charged with respect to the solution. Such a condition is 
obtained when a zinc plate is dropped into ZnSO^ solution. 

Such a potential at the solid-liquid interface is called 
electrode potential. 

Nernst’s equation for electrode potential : Let us consider 
that a metal with a valency r is inserted in an electrolyte 
containing its own ions. Let P be the solution pressure and 
p the osmotic pressure and P>p. Let N gramme-atoms 
pass from the metal and be dissolved in the liquid. 
Considering that 9650 e. m. units of charge are associated with 
one gramme-equivalent, the charge carried by N gramme atoms 
is^xrx9650. Let tt be the electrode potential (e.m. units). 
A positive enif is directed from metal to the solution, since 
P>p. The work involved in the transference is obtained as 
W = 77iVr X 9650 ergs 

Consider the gas law that may be applied here. If one gramme- 
atom of a gas occupies a volume v under a pressure P, the 
work done by the gas when it expands isothermally by SK is 
P.hv. Since Pv=constant, P.dv= —v.dP. Hence the energy 
released by N gramme-atom of gas when its volume changes 
so as to cause a fall in pressure from P io p may be obtained as 

2 ft P 

W=.N j P.dv= -N J vJP=NRTj^^=NRT log, ) 

1 r V ^ 


Applying this gas law to the change of pressure of the ions 
when that comes from the metal into the solution and equating 
the energy released to the work done for the transference of 
charge, we get 


■jTNrx9650=NRT 



or 


RT^ 

9650r 



e. m. units 
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This equation is known as Nernst eqaation for the electrode 
potential. If P>p, tt is regarded as positive, it being directed 
from the metal to the solution as in the case of zinc. On the 
other hand, if P<p, tt is considered negative acting from the 
solution towards the metal, as in the case of copper. The 
emf remains active so long as its action exceeds the counter 
force due to the potential difference established by trans- 
ference of ions. 

Putting /? = 8‘314x 10^, ir at 25°C calculated in volts is 
obtained as 


r. 8-314X 10^x298 , 

^=-%56^rxl“OV- 

or £=5-5^ log^ I ^ j volts. 

The reactions at the electrodes are reversible and these 
arc therefore called reversible electrodes. There are two types 
of these electrodes. In the first type reversibility concerns 
the transference of cations and in the second type it refers to 
to anions. Calomel electrode described hereafter forms an 
electrode of the second type. 

In a voltaic cell two electrodes having oppositely directed 
ernfs are placed together in such a way as to produce a cumula- 
tive effect. In a Daniell cell the electrodes are both of the 
first type and in a Cadmium cell one electrode is of the first 
type and the other of the second type. 

A positive value of tt obtained from the Nernst equation 
indicates a potential directed from metal to the solution. The 
emf of a voltaic cell is the algebraic difference of the two 
electrode potentials. In a Dsniell cell, for zinc in ZnSO^ 
solution, P>p and for copper in CuSO^ solution P<p, hence 
the two ernfs may be written as 



log, (^) 
r \/'i f 

The emf of the cell E=E 


and E.-'m log, ('.) 

.-E. = «:|i[log,(^) + log, (|l)] 


The emf is directed from electrode-1 to electrode-2 inside 
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the cell. The emfs in open circuit remain in a balanced 
condition. But if the two electrodes are connected externally, 
the balance is disturbed and both the emfs become active, as 
a result zinc goes into solution and copper is deposited on 
the metal. So far as the external circuit is concerned, copper 
is the positive terminal but within the cell the emf is directed 
from zinc to copper. 

Normal electrode : The electrode potential between a metal 
and an electrolyte is to be measured with the help of a second 
electrode, whose electrode potential is known. Such an 
arrangement is necessary because of the fact that any attempt 
to measure the electrode potential by introducing a second 
metal inside the electrolyte defeats its own propose and the 
measurement gives the algebraic sum of the two electrode 
potentials. An electrode having no contact potential with the 
solution would have served the purpose. Electrode formed 
by mercury drops meets this demand. But it is not convenient 
for practical purpose, so a normal electrode whose electrode 
potential is known is used. Calomel electrode serves as an 
electrode for this purpose. It consists of mercury contained 
in vessel over which a layer of insoluble mercurous chloride is 
kept and upon it a normal solution of potassium chloride is 
poured in which fills the vessel. 

There is a side tube filled with 
this solution which projects out- 
wards. This can be placed in 
any cell of which the electrode 
potential is to be measured. A 
platimum wire is used to make 
contact with electrode. The electro- 
motive force of the combination 
is obtained in the ordinary way ; 
the unknown emf is calculated by 
deducting the emf of the calomel 
electrode from the observed emf. 

The emf of the calomel elec- 
trode is 0*56 volt, mercury being positive. 
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IV-8. SECONDARY CELLS 

Accamnlators : The disadvantage of using voltaic cells as 
current sources are that use of these involves continuous loss 
of materials and they are unsuitable for a large steady current 
for prolonged use. These cells have been superseded by a 
class of cells called accumulators which store or accumulate 
electric energy obtained from a powerful source. These are 
called secondary cells in-as-much as they require primary 
charging before they can serve as current giving cells. 
Accumulators are of two types— Acid cell or Lead accumula- 
tor and Alkali or Ni-Fe cell. 

Lead Accumulators : When dilute sulphuric acid {H^SO^) 
is electrolysed between two lead plates, the anode becomes 
coated with lead-peroxide {PbO^) while the cathode remains 
unaltered. On breaking the circuit and connecting the plates 
with a conducting wire, a current is found to flow through the 
wire. This current arises out of polarisation. This principle 
is utilised in lead-acid accumulators. 

Two formed plates containing PbSO^ are taken and dipped 
into a solution of // 2 *S' 04 . When a current is passed through 
the electrolyte, hydrogen ion liberated at the cathode 

reduces lead sulphate to lead and the anode receiving anions 
is converted into lead peroxide (PbO^) by the action of SO^ 
radicals. The reactions are as shown below. 

Reactions during charging 
At the positive plate 

PbSO^ rSO; + 2 H, 0 =Pb 02 +H 2 S 04 + 2 e- 

At the negative plate 

PbSO^+2M^ = Pb 1 H2SO^+2e" 

The plates are now said to be charged. A potential difference 
has been established between the plates (now dissimilar) and 
if they are joined externally a current flows until the plates arc 
restored to their original condition. The reactions are as 
shown below. 

Reactions during discharge 
At the positive plate 

Pb02+2H +H 2 S 0 ^=PbS 04 + 2 H 20 1 2e^ 
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At the negative plate 

Pb+SO^-- = PbSO^+2c“ 

It may be observed that during charging the cell gains 
H^SO^ and during discharge the electrolyte gains water 
The specific gravity of acid indicates the condition of the cell. 


PbSO, PhSO, 



4- 



0 * 





II H2 sol 

J 


PhO^ Pb 





Fig. 4*8a Fig. 4*8b 

The ewf of a fully charged cell is about 2 2 volts. The 
internal resistance is small. So the cell should be always used 
with some external resistance and should never be short-circuited. 

Alkaline Accumolators : The active materials in this type of 
storage cells (also called Edison cells) are nickel-oxide in the 
positive and iron-oxide in the negative plate. The electrolyte 
is 21 percent solution of potassium hydroxide (KOH) with 
addition of a small quantity of lithium hydrate, which increases 
the capacity of the cell. The oxides all remain as hydrated. The 
exact formula of nickel-oxide is not yet established. The action 
of the cell can be explained by considering the hydroxides. 

A charged cell has Ni{OH)^ in the positive plate and Fe in 
the negative plate. During discharge when the cell supplies 
current (OH) ions of KOH travel to the negative electrode and 
ion is oxidised in the hydrated form. The A^-ions travel to the 
positive plate and reduce Ni(OH)^ to NiiOH),^. During 
charging a reverse action takes place. The reactions can be 
represented by the reversible equation 

Discharge 

Ni(OH)^ + KOH+Fc " ' ^ NI(OH)2+KOH+Fe(OH)2 


Charge 
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The electrolyte does not take part in any chemical change 
but simply acts as a carrier for transfer of (OH) ions from one 
plate to another. 

The of the cell is 1*3 volts. It has several advantages 
over the lead accumulators. It takes less time for charging. 
It is capable of maintaining a large current and is insensitive to 
mechanical vibrations. It has a larger life and is not easily 
damaged by overcharging. It has, of course, higher initial 
cost, a lower voltage and slightly higher resistance in com- 
panion with lead cells. 

Ampere-hour capacity : The total quantity of charge a 
storage cell can deliver after full charging is measured as its 
ampere-hour capacity. The product of the current in amperes 
and the time in hours for which it can supply current is a 
measure of the capacity of the cell. 

lV-9. APPLIANCES AND MEASUREMENTS 

Silver Coulometer : The mass of any substance liberated 
at an electrode by electrolysis is obtained from the expression 
m = Zq=Zit. Hence if Z, Le, the electro-chemical equivalent 
is known, the measurement of amount of deposit (m) in a 
known time (0 determines the current (/) causing the libera- 
tion. The apparatus for this purpose is known as Voltameter 
or Coulometer^ 

The essential parts of a silver coulo- 
meter are a silver disc (A) placed in 
a glass disc (G) which again is held in 
position by a glass rod (R), A silver 
rod (S) attached to silver disc serves as 
the current lead. The silver disc forms 
the anode and the cathode is a platinum 
bowl (C) which contains ten percent 
solution of silver nitrate. When a current 
is passed through the solution, silver 
is deposited in the bowl. The gain in its 
Fig 4-9 mass after electrolysis is obtained for the 

desired determination of current from the formula i=mlZt. 
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DETERMINATION OF E.C.E. OF SILVER : By ob- 
taining the mass (m) of deposit in time t by a known current(i) 
Z can be obtained from the expressions /m = Z/7. The value 

of the current should 
be very accurately deter- 
mined for this purpose. 

This may be done by a 
potentiometer. A stan- 
dard low resistance (r) 
is inserted in the coulo- 
meter circuit and the 
potential drop at its Fig. 4 io 

ends is determined. If e be the potential drop, £ = /r, hence 
i is obtained. The mass of deposit in the cathode is obtained 
by weighing the platinum bowl before and after the experiment. 
The current should be passed through an hour or so. 

Determination of Eqaivalent Conductivity : The resistance 
of a column of electrolyte if measured in the ordinary way 
is not obtained accurately due to polarisation effect. The 
liberated gases which are frequently the products of electrolysis 
increase the resistance between the electrodes and also set up 
a counter emf. Futher, loss of concentration by the passage 
of current through appreciable time also leads to wrong 
result due to variation of conductivity with concentration. 
A satisfactory method for avoiding these effects consist in 
using of a high frequency source of emf. The reversal of 
current many times a second completely removes polarisation 
and prevents loss of concentration. 

KOHLRAUSCH’S BRIDGE : Kohlrausch used alternating 
current in a specially designed wheatstone bridge arrangement 
consisting of a metre bridge and a non-inductive variable resis- 
tance. A small induction coil or a valve oscillator, either 
supplying an intermittent or a high frequency (1000 c.p.5.) 
current is used as the source of emf. The electrolyte is taken 
in a glass tube with rubber corks through which the electrodes 
pass. The separation between the electrodes effecting a varia- 
tion of length of column of electrolyte may be adjusted to 
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different values. A pair of earphones is used in place of 
galvanometer to respond to the alternating current. Perfect 

balance cannot be obtained 
due to stray capacitances. 
As the jockey slides along 
the bridge wire, the sound 
in the phone varies in 
intensity and the minimum 
sound is taken to indicate 
null condition of the bridge. 
If an electrolytic resistance 
be 5, then with R as the 
third arm resistance, for a balance at a length / of the bridge 
wire measured from the /^-end, the relation between the 
resistances are 

R Icr 

— = — rpr — ^ being the resistance per unit length of 
S ( 100 — l)(T 

the bridge wire. 

u ^ i?(100-/) c ^ 

Hence — ; ' = S=p~, - So p=-,- , 

I A L 

p is the specific resistance of the solution, L is the length 
and A is the cross-section of the liquid column. 

If K is the specific conductivity 
and A the equivalent conductivity, 

-then 

c is the concentration. Determining 
A for different values of c, the varia- 
tion of A with c may be ob- 
tained. This is shown approxi- 
mately by the A-c graph (Fig. 4-12). 

NUMERICAL EXAMPLES 

1. A current of 2‘68 amperes is passed through an aqueous 
solution of CuSO^ for one hour. Calculate the gramme- 
equivalents of copper deposited. 

[ Given F= 96480 coulombs ] 
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Solution : Charge passed q=2'6i x 60 x 60=9648 coulombs 

Hence deposit=-^=^^4^^ = 0’l gm-equiv. 
r 96480 


2. Calculate the number of molecules per cubic centimeter 
of hydrogen at N.T.P. from the following data : 

Density of hydrogen at N.T.P. = 9x 10’“ gmic.c. 

E.C.E. of hydrogen= 104x 10“’’ gmicoulqmb 
Charge of monovalent /o« = i'6x 10~^* coulomb 
Solution: Mass of 1 c.c. of hydrogen = 9 x 10" ® gm. 

Charge required to liberate 1 c.c. of hydrogen from a 
compound calculated as massjE.C.E. is 


9x10-* 

104x10-'^ 


coulombs 

104 


Number of atoms in 1 c.c. of hydrogen = — r-? — .r. . 

104x16x10-^® 


Q V 1 Ol 0 

Hence number of molecules = ;. — , — -- = 2'704x 10^® 

2x l-04xl-6 


3. A reversible cell has an emf of 1‘0032 volts at 1(PC and 
heat developed in the chemical reactions in the cell is 0 26 
calories! coulomb. Colculate the change in emf of the cell if its 
temperature is raised to 15° C. [ Given J=4‘2 joules (calorie ] 


Solution : 


dE 

e=ha-t% 

dT 


1-0032 = 4-2 x0-26-'r 283 


dE_ 

dT 


Hence 


dE 

dr 


0-0928 

283 


Therefore E^ 5 = 4-2 x 0 26+290 ( - j = r0016 volts. 

\ 2o3 

4 . If 1 gm. of hydrogen when forming water liberates 
35 X 10“ colories of heat, calculate the back emf produced in 
a water voltameter. 

[Given E.C.E. of Hydrogen=l'04xl0~“ gmlcoulomb. 
Equivalent weight of hydrogen= TOOS and 1 Faraday =96500 
coulombs] 
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Solution : 1 gm.-equiv. of hydrogen requires 35xl0^x 

1*008x4*2 joules of energy for electrolysis. If e is the back 
E/n/ and F is the charge carried by 1 gm-equiv. of hydrogen, 
the energy used is eF. Equating these two 
eF= 35 xl0«x 1*008x4*2 


or 


35 xlO^x 1*008x4*2 
96500 


= 1*53 volts. 


EXERCISES ON CHAPTER IV 

4*1. Discuss the mechanism of electrolytic conduction 
in the light of Arhenius’ theory. What are the evidences in 
support of this theory ? 

4*2. State and explain Faraday’s Laws of electrolysis. 

Explain the terms ; Electro-chemical equivalent, Faraday, 
International Ampere. 

What is Back emf in electrolysis ? What is its effect ? 

4*3. Give an account of the theory of electrolytic conduc- 
tion and explain how Faraday’s laws of electrolysis follow 
from this theory. 

Discuss how electrolytic conduction differs from conduction 
through a metal. 

4*4. Explain the mechanism of conduction in an electrolyte. 
Discuss how polarisation is minimised in the measurement of 
conductivity in an electrolyte. 

4*5. Discuss the variation of electrolytic conductivity with 
concentration. 

What are weak and strong electrolytes ? State how Debye- 
Huckel theory explains the difference in behaviour of two 
kinds of electrolyte. 

Explain the terms equivalent conductivity, degree of disso- 
ciation, concentration and dilution. 

4*6. Define ionic mobility. Describe how ionic velocities 
may be experimentally determined. 

4*7. What are the requisites of reversible cell ? 

Deduce Gibbs-Helmholtz equation concerning the emf of a 
reversible cell and explain its significance. 
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4‘8. What is a concentration cell ? Obtain an expression 
for its emf and show that it is proportional to absolute 
temperature. 

4'9. What are the characteristics of a standard cell ? 

Describe any type of standard cell mentioning the conditions 
that have to be satisfied. 

4-10. What is electrode potential 7 Explain how it is formed 
and discuss its importance in the construction of a voltaic cell. 

Deduce Nernst’s equation for electrode potenUal and hence 
obtain an expression for the emj of a Daniell cell. 

4’ 11. Explain the terms Solution pressure and Osmotic 
pressure. Deduce how these two create a potential difference 
between a metal and a solution of its salt. 

What is a normal electrode ? Describe any form of it. 
What is its special use ? 

4*12. What is a secondary cell ? Describe any form of it. 
What are its advantages ? 

4’ 13. Describe a method of determining the equivalent 
conductivity of a solution. 

414. Describe a silver coulometer and the determination 
of electro-chemical equivalent of silver with its help. Show 
how it measures current. 

4*15. Calculate the equivalent conductivity of an electrolyte 
if the mobilities of the ions concerned in a completely disso- 
ciated state are 6’6xl0"* and 5*8 x 10"* centimetres per 
second per volt per centimetre. [ Ans : 0’l97/ohm-cm.] 

4’ 16. The electro-chemical equivalent of hydrogen is 
r04x 10“* gm/coulomb. Calculate the charge on a mono- 
valent ion assuming Avogadro number to be 6 x lO^^. 

[ Ans : 1*603 X 10"^® coulomb] 

4’ 1 7. If u and v be the ionic mobilities in electrolysis 
prove that 

«+v=0 1036A, 

where A is the equivalent conductivity. 


C. E.— 11 
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ELECTRO-MAGNETIC INDUCTION 

V-1. MAGNETIC LINKAGES 

Magnetic Flax : Consider any closed area in a magnetic 
field. Some lines of induction will pass through this area 
according to the position of the area with respect to the 
direction of induction. If B is the area with respect to the 
direction of induction at every point in an element 8S, then 
B.8S is considered to be the flux through SS. If 6 be the 
angle made by the normal to the area (8S) with the direction 
of induction (B), then the flux through the area 8S is 
B.8S cos'?. The flux through a finite boundary is expressed a$ 

N= Jb.8S. 

Maxwell turns : When a coil consists of n turns each of 
equal area and wound dosely together, the effective flux 
through the coil is given by 

nj B.8S = nN 

The expression determines the total magnetic linkage with the 
coil and is expressed in maxwell-iurns. The unit of flux in 
the e.g.s. system is maxwell and the practical unit is weber. 

Note : It may be helpful to remember different units 
concerning magnetic field and flux and their relationship. 
Magnetic field or magnetising force is expressed in Oersteds 
(dynes per polef. Magnetic flux is measured in maxwell. 
Gauss in the unit of induction or flux-density. So, 1 maxwell 
per square centimetre is 1 gauss. Weber is the practical unit 
of flux. 10" maxwells = 1 weber. 10® gauss relates to a flux- 
density of 1 weber per square centimetre. 

Change of flux through a coil causes induced emf whose 
magnitude is determined by the rate of change of flux. Weber 
is that flux which when changed in one second induces 
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emf of I volt in each turn of a coil. Hence weber is measured 
as volt-second per turn. 

V.2. L\WS OF ELECTRO-MAGNETIC INDUCTION 

E. M. F. generated by a changing flex : While investigating 
whether a current element produces in a neighbouring circuit 
any effect in a manner similar to electrostatic and magnetic 
inductions, Faraday observed that so long as the current in a 
circuit remains steady, there is no effect in any neighbouring 
circuit in the form of production of any current. But any 
change in the strength of current causes a transient current to 
flow in any neighbouring circuit which is called a secondary 
circuit with respect to the primary circuit, which itself is 
carrying a current. Further, if a conductor producing a 
magnetic field or even a magnet approaches to or recedes from 
a closed circuit a current is found to flow through the circuit 
so long as the motion continues. 

Faraday’s Laws : Tt may be observed that in a-l cases 
of production of transient current in a closed circuit (having 
no source of emf included in it), there is a change of flux 
linked with the circuit. This led Faraday to enunciate 
his laws of electro-magnetic induction stating that (/) when 
the magnetic flux linked with a closed circuit changes, an 
electromotive force acts round the circuit, (i/) the magnitude 
of the emf thus induced is determined by the rate of change 
of flux and its direction is determined by the nature of change, 
increase or decrease. 

Neamann’s Law : Faraday’s experimental deduction regar- 
ding magnitude of induced emf was expressed by Neumann 
by a law leading to a mathematical equation. 

The induced emf in a circuit when the magnetic flux through 
it changes is equal to the rate of variation of magnetic flux. 

Lenz’s Law : The direction of the induced current is 
obtained by a principle enunciated by Lenz : 

The direction of the induced emf is such that it tends to 
oppose the cause of variation of magnetic flux, in other words 
it tends to keep the magnetic flux unchanged. 
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These two laws can be expressed in a mathematical form. 
If e is the magnitude of induced emf and hN is the change of 
flux through the circuit in time Bt, then 

e = , and in the limit e= — 

ot at 


FARADAY’S LAWS FROM PRINCIPLE OF CONSER- 
VATION OF ENERGY : The magnitude of the induced 

emf as given by the equation e = — may be deduced from 

the principle of conservation of energy. Two particular cases 
may be considered such as (i) a magnetic pole is approaching 
a closed circuit and (ii) a closed circuit is moving in a 
constant magnetic field. 

Case I : Let a closed circuit AB carrying current i and 
having a radius r be placed in a field due to 
a magnetic pole of strength -J-zw at P (Fig. 51). 
The direction of the current as observed from 
P is clockwise i.e. the face of the equivalent 
magnetic shell representing s-pole is turned 
towards P. 

Consider the magnetic potential at P due 
to the equivalent magnetic shell. If it be Q, 
then Q=iiA}, where a> is the solid angle 
subtended at P by the boundary of the 
circuit. Let the action of the current cause 
the pole to move through a distance Bx towards AB in time 
8/, so there is a change of solid angle by an amount 8<u. 
Consequent change of potential is BQ=i.Boj, The work done 
on the pole for the shift is m.BQ=mi,Bu), Bw is positive since 
m approaches towards AB. The energy supplied by the source 
having an emf E is Ei.Bt. This is spent in two parts, if r be 
the resistance of i4P, /*z8r for heat production and mi.Bw for 
the work done on the pole, hence 

Ei.Bt = i^rBt+mi.Sw 



Fig. $•! 



E—m 


8cO 1 

Bt J 


or / 
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rn ^ is a quantity which as appears in the equation for 
ot 

current acts in opposition to E. This is the magnitude of the 
induced emf caused by the relative motion between the 
magnetic pole and the current carrying circuit. Since the 
total flux around the pole is Airm, the flux linked with the 


circuit is obtained as N=^TTm, ~ =ma>. Hence 

Att 


Lt. = so the magnitude of induced 

8 c dt dt ’ ^ 


emf is e = — 


dt' 


Case fl’A : Let an elementary closed circuit of area SS 
carry a current i. The magnetic moment of the equivalent 
shell is /Lti.SS, fju being the permeability of the medium. 
Magnetic potential energy of the shell in a field H is /xfHSS. 
Let the action of the field cause a motion of the coil, thereby 
effecting a loss of potential energy. Since the coil moves from 
weaker to the stronger part of the field, let the field in which 
the coil is shifted to, be Hence the loss of potential 

energy is given by 

fii (H+8H). SS-/xiH.aS=i>SH.8S. = /8B.SS 
where 8B is change in induction through 
the coil. Consider the elementary shell to be 
part of a closed circuit of finite boundary. 

Since a magnetic shell of finite boundary has 
the same magnetic effect as due to all the 
elementary shells in which the entire shell 
may be divided, hence the total work done 
by the circuit of finite size is obtained as 

ifU .dS = i.SN, where SN is the change Fig. 5-2 

of flux through the coil. 

Equating the energy supply from the source of emf E in 
time St in a circuit of resistance r to the sum of energy 
consumed for heating and that required for the shift we may 
write, 
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Ei.St=i*rSt + i.SN 

or E=ir in the limit 

ht I at 

Hence i 

So the induced emf opposing the applied emf is 

at 

Case II~B : Consider the case in which instead of entire 
circuit being free to move, a part 
of it is so. Taking a simplified case 
in which the length 81 of a conductor 
PQ forms a part of a closed circuit 
carrying a current / and having 
a resistance r. This conductor PQ 
when acted upon by a force at 
right angles to its length slides 
upon parallel conducting rails Cc, 
Dd which form parts of circuit. 
Let the circuit be in a field of magnetic induction B, acting 
at right angles to the plane of the paper and inclined at an 
angle 0 with PQ. The force on PQ for its being placed in 
the magnetic field is 

F=/Bx81 = /B.8/. sin 0=iHhl.sm0, in air. 

If it causes a displacement 8;c, the work done is 
W=¥.8x = /(B X 8l).8x = i(8x x 8]).B 
or W=i.H.8l sin 6. 8x in air. 

Since H.8l.8x.smO=hN, the flux embraced by PQ during 
the shift, hence W=i.8N. 

Equating the energy supplied by the source in time 
with the work done in production of heat and mechanical 
shift, we may write 

Ei.8t=i*rSt-\-i.SN 

dN 

Hence the induced emf is «= — -r-‘ 

■' dt 
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VJ. INDUCED E.M.F. IN SOLID CONDUCTORS 

Foucaolt or Eddy Carrent : Besides being induced in closed 
coils, currents are also produced by induction in solid conduc- 
tors which are subject to varying flux. These are called 
Eddy currents. The energy concerning such a current is 
dissipated in the form of heat inside the conductors. The 
temperature of a metal is raised considerably when rotated 
rapidly between the poles of a strong magnet. So flow of 
eddy current dissipates considerable energy. This presents 
a serious difficulty in designing of armatures of dynamos 
and motors, which are caused to rotate in a magnetic field. 
To avoid production of eddy currents the armature cores, 
instead of being made of solid iron, arc in laminated form, 
consisting of discs insulated from one another. In such an 
arrangement eddy currents which lend to flow at right angles 
to the magnetic field are diminished in intensity as they arc 
prevented from having a low resistance path (see § Vni-2, 
Fig. 8*4). 

Arago’s Disc : The production of eddy current can be 
demonstrated in a simple experiment. If a copper disc placed 



Fill. 5-4 

just below a pivotted magnetic needle is rotated round a 
vertical axis passing through the pivot of the needle the 
magnet is found to rotate in the same direction as the disc. 

The reason for such a behaviour of the magnetic needle 
is that induced currents are set up in the copper disc moving 
in the magnetic field. The circuit may be considered to be 
completed along a diameter and the circumference of the disc, 
By Lenz’s law the direction of the induced current is such 
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that it tends to oppose the motion producing it. The relative 
motion between the disc and the magnet is the cause of the 
current and the magnet rotating in the same direction as the 
disc tends to minimise this. It may also be explained in a 
different way. The magnet which rests in the magnetic meridian 
experiences a couple due to the magnetic field caused by 
the induced currents in the copper plate and hence a motion. 
For a continuous rotation of the copper disc the couple due 
to the induced magnetic field must be greater than due to 
earth’s field. This may be obtained by increasing the speed 
of rotation. 

For similar induced current an oscillating magnet suspended 
above a stationary metal plate soon comes to rest. Based 
on this principle, a moving coil galvanometer is made dead 
beat by winding its coil on a metal frame or by short-circuit- 
ing the coil of the galvanometer. The effect of induced 
current due to motion of the coil in magnetic field brings 
the coil to rest. 

Faraday’s Disc : Faraday devised an arrangement in which 
the eddy current can be transferred to an external circuit 
causing deflection in a galvanometter. 

A copper disc is rotated between the pole pieces of a 
horse-shoe magnet and a circuit is completed through a galva- 
nometer by means of 
two metal Springs, one 
of which presses on the 
axle and the other 
on the outer edge 
of the disc. When 
the disc rotates, any 
radius of the disc at 
any instant connected 
through the springs 
with the outer cir- 
cuit sends the induced current through the galvanometer. 
If the radius of length r rotates w-times per second in a field 
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jy, the area swept out by the radius per second is mrr^ and 
the flux cut by it is mrr^H. This is the magnitude of the 
induced emf. 


V.4. SELF-INDUCTION 


Self-indactance : When a current is being established in 
a coil, there is setting up of magnetic field inside. The corres- 
ponding flux is enclosed by the coil itself and according to 
the principle of electro-magnetic induction there should be 
an induced current superposed on the main current. By Lenz’s 
law this induced emf is in opposition to the emf applied. This 
phenomenon of generation of emfis known as the self-induction 
of the circuit. 

By Lenz’s law the induced emf will tend to weaken a 
growing current and strengthen one that is decaying. As a 
result the current due to a steady emf applied to a coil does 
not assume the value demanded by Ohm’s law immediately on 
closing the circuit. Again, there is also a tendency of the 
current to continue even after the withdrawal of the emf and 
as a consequence a spark is created across the gap formed by 
break of the circuit. 


Coefficient of Self-induction : The flux (iV) linked with a 
circuit is proportional to the current (/) flowing and so 

N oc i or N'=Li 


L is a constant depending upon the dimensions of the coil and 
is known as coefficient of self-induction or self-inductance of 
the coil. If in the above expression i is put equal to 1, then 
N becomes equal to L, thus self-inductance of a circuit can be 
numerically equated to the flux linked with unit current flowing 
in it, provided there is no ferro-magnetic substance inside it. 

Again, if e is the induced emf due to a change of flux 
through the circuit, then 


e = 


dN 

dt 




If^=l, e=L. 
dt 


Thus self-inductance may be considered to 
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be numerically equal to the emf induced in it due to unit rate 
of change of current in the circuit. 

Further, when a current i is growing in a circuit, the 
induced emf e acts in opposite direction thus delaying the 
establishment of a steady current. The growing current has to 
do a work amounting to e.i per second against the opposing 
emf at any instant when the current is i. Total work done 
when a steady current i, is established in time t is obtained as 

W= j^ei.dt^-Lji^J^.dt=-L j^"idi= -ii'o* 

0 0 0 

This is the energy stored up in the magnetic field created 
by the current, due to self- inductance of the coil. When the 
circuit is broken the energy is returned to the coil and it 
appears as a spark. 

If io = l, iV becomes equal to or £=2W^. Hence 
self-inductance may be obtained numerically as twice the work 
done in establishing the flux linked with unit current in the 
circuit. 

The three values of L obtained from different considera- 
tions are invariable so long as the permeability of the medium 
inside the coil does not change. But if the permeability varies 
with change in the field, the three definitions are not identical 
and the values are not constant. It may be evident from the 
evaluations of L in such a case as shown below. Let A be 
the area enclosed by a coil of n turns carrying a current i. 
The field H may be expressed as ki, k being a constant. Let 
be the permeability. 

Flux N=AnHfi=Ankifi 
So N= Li = Ankiyi, hence L— Anky.. 

Consider that im varies with H and H varies with /, 

Hence 

So = - 

dt di ■ Bt 
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But e= - ~ , Hence L^Ankfi I 1+ ' 

at \ n di t 

UNIT OF SELF-INDUCTANCE in practical units is 
Henry measured as the induced emf in volts for a change of 
current in the circuit at the rate of one ampere per second. 
Since 1 volt=10® e.m, units of emf and 1 ampere = 10’^ e,m. 
unit of current, 1 Henry = 10® e.m. units of self-inductance. 

CalcDlation of Self-indnctance : In particular cases as in 
symmetrical circuits, self-inductance may be calculated from 
the knowledge of magnetic field due to a current flowing in 
the circuit. 

SELF-INDUCTANCE OF CIRCULAR COIL : The field 
inside a circular coil of radius n and n turns is given by 
H=2vnila. If N be the total flux through the coil, then 

N= ■na^tiH—'tra^n. — = lir^an^i 
a 

L ~ =^~ = 27r^an* —j , hence L=2n*n*a. 
dt dt dt 

If fx is the permeability of the medium inside, then 

This value is applicable if the field inside is uniform and 

equal to that at the centre. 

SELF-INDUCTANCE OF A SOLENOID : In the case 
of a long solenoid of total length /, radius o (/>>o) and of 
cross section A=TTa-, having n turns per unit length and carry- 
ing a current/, the field inside is given by = 47rw/ and the 
magnetic induction £=A7Tnii^i. Hence the flux linked with 
each turn is given by The total flux {N) through all 

the turns is obtained as N-=47rfxlAn*i. 

Induced emf for a change in current is 

e= — = —47rLilAn^~-r~ 

dt ^ dt 

Since e=L when — =1, So L^AiriJilAn^ 
dt 

In air, L=47Tn*y4/=47r®«®a®/. 

It has been shown that for a short solenoid of length / and 
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radius a, at a distance x from the centre at a point on the 
axis the field inside is obtained as (§ II-2) 

H=2nni r_l-— + -] 

Wx*+a‘ V(l-xy+a*l 

Flux linked with an element Bx at x in a medium of 
permeability is 

. . .r x /—X 1 


BN= fina^n.Bx,27rni 


Vx‘+a^ '^V(l-xy+a' 


Hence the flux linked with the whole solenoid is 

i^=27r*n*dV« f ( , + f ] 

L-'„Vx»+n* i V(/-x)*+fl*J 


For evaluating f- — , put z=x*+fl», so dz=2x.dx 

Hence the integrand = J" — = -v/g~ 

I I 

Hence f-~~^ - = [ V^+a^ ] = V/* + a* " « 

y \/,x* +a® ^ * 

Similarly the other part will also be V - a 

Hence Af=47r»«*aV' ['\//'®+a'*'-“] 

So L=iTr*n*a*n a] 

Note: Ifl<10a, the above formula is only approximite ", 
for such short solenoids L is calculated from Nagaoka’s formula 
L=^^n^alk(e.m.u), where k is a function of all, and its value 
is obtained from worked out results. 

SELF-INDUCTANCE OF PARALLEL WIRES : Let A 
and B be two parallel wires at distance d (centre to centre) 
apart. Suppose the currents in the both the wires are i but 
flowing in mutually opposite directions. The supply wires 
from a source to a load is an example of such an arrangement. 
Let a be the radius of each of the wires {a«d). 

Considering that the field at a distance r from a straight 



ELECTRO-MAGNETIC INDUCTION 


173 


o * 

wire carrying a current i is H= — , the flux through an area 

of length / and width (Fig. S‘6) at a distance x from one 
wire is given by 

“ “['”*■ (3^)] 

or JV=Li=4//ug,j^ ji 
Self-inductance L is given by 

- *1 ">*• (^) 

Fig. 5’6 If the wires are very close so that 

L=0. This fact gives the principle of winding of 
non-inductive resistances. The insulated wire is first doubled 
and then the resistor coil is prepared with the two-fold wire. 

SELF-INDUCTANCE OF CO-AXIAL CYLINDERS : Let 
us calculate the self-inductance of two cylinders of radius 
a and b{a < b) placed co-axially one inside the other. When 
both the cylinders carry current we may consider that the 
magnetic field in the gap between 
the two is due to the current (/) in 
the inner cylinder, since there is no 
field inside a hollow conductor. 

The field at distance r from the 
axis of the inner cylinder is H=2ilr 
and the flux through unit length of 
the shaded area (Fig. 5*7) bounded 
by the two cylinders is given by 

Fig. 5-7 

ff =J ^dr = 2i [ log, r J = 2/ log, j 

a a 

Hence the self-inductance per unit length of the cylinder is 
L = 2/oigg|-^j and in a medium of permeability fi 
L = Ifj. log, (bid). 
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Such co-axial conductors are found in the type of cable in. 
which the inner wire is the ‘lead’ and the outer conductor is the 
‘return’ of the circuit. The field outside the cable is zero,’ 
since the two cylinders carry current i in mutually opposite 
directions. These are used for transmitting radio-frequency 
alternating current as the cable becomes a non-radiating 
conductor. 

V-S. MUTUAL INDUCTION 

Mutual Induction : A variation of current in one circuit 
is accompanied by an induced emf in a neighbouring circuit. 
This is the phenomenon of mutual induction. 

The flux N linked with a circuit when a current i flows 
through a neighbouring circuit is proportional to the current, 
that is 

N oc /, or N=Mi, 

M is a constant, called the co-efficient of mutual induction or 
mutual inductance of the two coils. In the foregoing equation 
( N=Mi ) if i is put equal to 1, then N becomes equal to 
M. So mutual Inductance is numerically equal to the flux 
passing through one coil {secondary) due to unit current in other 
(primary). It is a constant for any pair of coils in a particular 
configuration irrespective of the current flowing provided that 
no ferro-magnetic substance is within or near the coils. In 
presence of such a substance M does not remain proportional 
to the current owing to variation of permeability of ferro- 
magnetic material and consequent change in flux. 

Induced emf in the secondary circuit is given by e = — 

Since N==Mi, e= — M . If =1, e is numerically equal 

di dt 

to A/, so mutual inductance may also be measured as the 
numerical value of the induced emf for unit rate of current 
change in the other. Unit of mutual inductance is henry, 
same as that of self-inductance. 

Mutual potential energy of two coils : Let us consider 
two circuits and medium of permeability p carrying 
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currents I'l and i, respectively. The strength of the equivalent 
magnetic shells are respectively and 

Potential energy of a magnetic shell is given by 

1P’= (strength of the shell) x (lines of force through it). 

Hence considering the two coils the potential energy of 
the one due to the other is obtained as shown. 

If the effective flux through 4^ due to a current in is 
TVj. then the potential energy of .4^ due to A ^ expressed as 
W-L j is given by 

' ’ 

Similarly if the effective flux through due to a current 
in /4j is Nj, the potential energy of A ^ due to ^4^ is 

If again, the mutual inductance of due to is denoted 
by Wii8» then = and so with similar notation 

N-i — M 2 1 i 1 • 

So the mutual potential energy of each of the coils are 
respectively M^JJ^ ^ince these are equal we 

have A^i 2 =^^ 2 i- "^bis means that flux of magnetic induc- 
tion through Ay^ due to unit current in ^2 is same as the 
flux of magnetic induction through due to unit current 
'm A Hence if mutual inductance of two coils be represented 
by M, then their mutual potential energy when they carry 
currents /'i and respectively, is given by 

Positive and Negative 
mutual inductances : If 

two coils of self- 
inductance Li and 
respectively are conn- 
ected in series so that 
the effective flux 
through the two coils 
are in the same sense Fig. 5-8 

( Fig. 5’8-a ) mutual inductance of two is positive. But if the 
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flux in the two are in opposite sense (Fig. 5*8-b) the mu- 
tual inductance is negative. In the first case if the two coils 
carry the same current i, the flux linkages are respectively 
L^i + Mi and 

The effective self-indutance of the two coils (joined in series) 
is T»= -f-Z/g 4" 2A/. 

If the mutual inductance is negative, the flux linkages are 
LJ—Mi and L^i—Mi and the effective self-inductance in 
such a case is L=L^-rL^—2M. Hence 

Coefficient of Coopling : Let two coils having Wi and«g 
as total number of turns respectively be so placed that the 
effective flux of one is completely linked with the other. If 
N is the flux through each turn of the coil-1, the current in 
which is /’i, the self-inductance of the coil defined as the 
linkage of flux for unit current in it is given by 

1,1 = -^— or 


The mutual inductance Afgi defined as the flux through 
coil-2, due to unit current in coil-1 is obtained as 


Mg,. 


*1 "i 



(It is obtained with the assumption that flux linkage with 
each turn of either coil is same.) 

Similarly if is the current in coil-2, N' is the flux through 
each turn, and its self-inductance 


L 


or 


N‘=^ /■ 


Hence 

Ig /Ig 

Writing Mgi = Mig = M, M»=L,La or Of 

course in practice this condition is never satisfied. The ratio 

^ is known as Coefficient of coupling. For complete 
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theoretical coupling the ratio should be unity. For a loose 
coupling obtained in practice > M. 

Motnal indactance of two solenoids : If one solenoid is 
wound upon another, we have what is known as magnetic 
coupling. Let the inner solenoid, called the primary (P), contain 
turns per unit length and carry a current i amperes. Let 
the outer coil, called secondary and containing n^ turns in all^ 
be wound near the central portion of the primary. 

The magnetic field (//) inside the primary is given by 
H=4iTn^i. If the primary is wound on a core of material 
of permeability p, the magnetic induction B inside is given 
by B=pH=47riJLnJ, The flux linked with each turn of the 



secondary (Sj having an area A is equal to Since there 

are n^ turns in the secondary, the total flux linked with aH 
the turns is 

The induced emf in the secondary due to change of flux 
is given by 

dN A A di 

If— = 1, e=M, hence M = ^7tnnin,A. In air core 
dt 

M=^n^nsA. 

If / be the length of the primary, the total number of 
primary turns is n„—nj. So 

j^f_ 4irn^n,AnJ _ 4nnj^’‘lA 
n^l n^l 

or 


C.E.— 12 
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Self-inductance of the primary coil is hence 

M=-?U ,L. 

n. 

If the secondary be a closed circuit the effective inductance 
of the solenoid is reduced due to opposing flux induced in the 
secondary. 

Standard solenoids are constructed on this principle and 
their mutual inductance is calculated from the dimensions of 
the two coils 

V-6. INDUCTION COIL 

Secondary emf prodoced by interropted primary current : 

Let us consider a circuit in which a battery supplies a current 
to a primary coil having an arrangement for automatic 
make-and-break of the circuit (Fig. 5* 10a). The primary flux is 
embraced by a secondary coil Make-and-break of the primary 
current induces emf in the secondary. When the primary 
current is steady the secondary emf is zero Since the primary 
circuit has an inductance and a resistance the current in it 
grows and decays exponentially ( § VI-I ) as shown in the dia- 
gram (Fig, 5*10b). The induced secondary current is somewhat 
oscillatory in nature flowing alternately in opposite directions. 
During growth of the primary current the secondary current 



Fig. 5- 10 

is in the direction opposite to that of the primary but during 
break of the circuit it is in the same direction with it. 

This principle is utilised in a modified arrangement in which 
the secondary emf at the start of the primary current becomes 
negligible and at break this emf is obtained in an amplified 
form. 
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Rahmkorff’s Induction Coil : in this apparatus a low emf 
applied at the ends of a primary coil of a few number of turns 
of thick wire is transformed into an intermittent high potential 
difference obtainable at the ends of a secondary winding 
having a large number of turns of fine wire. 

The primary (P) is wound on a bundle of soft iron rods (/) 
forming the core. The primary coil is in series with a make- 
and-break arrangement con- 
sisting of a spring ( p) in 
contact with a screw (6c). 

The spring carries a soft 
iron hammer (H). This is 
attracted by the soft iron 
core when it is magnetised 
due to the primary current. 

The contact between the 
screw-head and the spring breaks due to the attraction on the 
hammer-piece. The primary current is broken and the current 
ceases to fiow. The iron core is demagnetised and the spring 
falls back again to its normal position in contact with the 
screw. Hence when a battery is connected, one terminal 
being joined with the hammer through the primary and the 
other directly with the screw, an intermittent current passes 
through the coil. The frequency of make-and-break depends 
upon the action of the spring. 

Over the primary coil there are windings of the secondary 
coil (S) insulated from the primary. The ends of the coil are 
connected with two knobs (K) separated by a sparking gap. The 
rapid make-and-break of the primary circuit produces a 
changing flux through the secondary and a strong em/ is 
induced there. The induced em/ in the secondary may be 

obtained as — M where ~ is the rate of change of 

at at 

current in the primary and M is the mutual inductance. 

The primary current is much more effective at ‘break’ than 
at ‘make’ of the circuit in inducing the secondary emf. The 
primary resistance is small and the time constant (L/R) during 
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growth (see §VI- 1 ) is considerable. When the primary circuit is 
‘broken’ the resistance in the circuit tends to be infinity and 

the time constant is now 
negligibly small. Hence 

^ is very high at break, 
at 

so the emf at break is 
considerably high. But 
the sudden collapse of 
the current causes a 
sparking at the contact 
point on the screw-head. 
This of course damages the contact surface. Such an arcing 
is prevented by placing a condenser across (C) the contact 
point. The emf obtained at the ends of the secondary is 
thus unidirectional though intermittent. The large number of 
secondary turns, the strong magnetic field within the core and 
rapid collapse of primary current causes the high emf in the 
secondary. 

The effect of the condenser on the secondary may be 
estimated by comparing the strength of the current in the 
secondary with and without the condenser. 

The emf equations of the primary and secondary during 
break may be written as 



® 

1*1 and are the primary inductance, current and resis- 
tance. L,, /g are the secondary inductance and current. M 
is the mutual inductance. For simplification the secondary 
resistance is being neglected in presence of its inductance which 
is the prominent factor here. 

Multiplying (i) by L, and (ii) by M and then by subtraction 
we get, 





(iii) 
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This is an equation of the type k~-{-Px=0, which has the 

at 


solution of the form x=Xoe 

Hence the solution for is obtained from (iii) as 


— .1 


II = 




or = I'oC"'’*, where h= 
and i, is the maximum primary current. 

Integrating (ii) we get, L , /'a 4-Af/i = ^r (constant) 
when ia = 0, Ji=/o, so K^Mio 
So Lgia-l-Af/oe"'’* = Mig 

or ia= 

Maximum value of 

When a condenser is put in series with the primary the 
equations of emf for the break of primary circuit are 

= 0 (iv) 

= 0 (v) 

Qx is charge on the condenser of capacitance C. Primary 

resistance has been neglected. Considering / - and-^ 

^ ^ dt dt dt^ 

the above equations may be rewritten as, 

£, = 0 (vi) 

^ dt^ ^ dt^ C 

Lx - 0 (vii) 


Multiplying (v) by and (vi) by M, we get 

ml, 
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By subtraction, Af*) ~ ® 


This is an equation of the type 


^^-{■o}*x=0, which 
d:^ 


repre- 


sents a simple harmonic motion. The primary current and 
the charge are there of oscillatory nature. This is the effect 
of the condenser. 


Integrating (v) we get L^i^-\-Mi.^—K (constant) 
when fj=0, let be equal to then K=Mif,. 

Hence we get from the above equation the value of as 


M t . . , 

*2= 7— ) 

Maximum value of is determined by the maximum value 
ofO’o— which is 2/o, since oscillates between +/o and 

— /fl. Hence maximum value of i\ = 2M. . 

L2 

So we find that with the condenser in circuit the maximum 
value of /g is doubled. In practice, of course it is somewhat 
less, because in obtaining this we have neglected the resistances 
of the winding. 


V -74 MEASUREMENT OF INDUCTANCE 

Determination of Self-inductance : The inductance to be 
measured is inserted in one of the arms of a wheatstone 


bridge and a balance is obtained for the steady current, 
the battery key being closed before the galvanometer key. 


A 



Fig. 513 


The galvanometer used is a 
ballistic one. On closing the 
battery with the galvanometer 
key already closed a throw is 
obtained, due to the induced 
emfe in the arm AB. Then the 
current due to instantaneous 


emf L~ is KL^ and the total charge flowing through the 
at at 


galvanometer when a current io is established is given by 
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'O 

q= f K.L ^.dt=KLi, 


If the ballistic throw in the galvanometer is 6 and A be the 
log-decrement then 


KLi„ = q=-JL e 
“ ^ 2nAH 


or L= 


KioAH 


«(i+|) 

■i-M'+j) 


To determine the constant the resistance in AB 

c 

is changed by a small amount r. This sends a steady current 
AT/ through the galvanometer causing a steady deflection fli, 
given by 

KiorAH=cei 

nr _ ,,,, 


From equations (i) and (ii) 




Measorement of Matoal Indnctance : DEFLECTION 
METHOD -Let the two coils P and S (Fig. 5-14) having a 
mutual inductance M be arranged in a circuit as shown in 
the sketch (Fig. 5T4). ABC is a four-plug key, a small resistor 
r is joined across B-C so 
that it falls in series with 
the primary coil P. With 
the plug key placed in the 
gap A, if the primary cir- 
cuit is closed, a throw 
will be obtained in the 
ballistic galvanometer (G) 
in series with the secondary 

circuit. This throw is due to induced emf M If R is the total 
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resistance of the secondary circuit the current in it is — 

R dt 

The charge passing through the galvanometer when a current 
I'o is established is given by 






If the flow of charge produces a throw 6 in the galvanometer, 

having a constant and period of swing T, then 
11 


Mk = o=I. 

R ^ 2n AH 


^^1 ^ being the log-decrement. 


The plug in A is taken out and two plugs are placed in 
the gaps B and C. Now a steady current flows through the 
galvanometer producing a steady deflection 6j^. This current 

is of magnitude 

R 


So 


R AH 


or 

Hence 


AH 


r 

■ R 




NULL METHOD : This method is due to Carey-Foster. 
The circuit is as shown (Fig. 5*15). The ‘make-and-break’ of 
primary current in P causes an induced c/w/ in the secondary 

5 and a charge circulates through 
the ballistic galvanometer. To 
balance this charge a capacitor C 
is placed across a resistance r inclu- 
ded in the primary circuit. If the 
windings are proper, the two 
charges through the galvanometer 
may be made to flow in mutually opposite directions. The 
resultant charge may be made equal to zero by adjusting the 
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value of the resistance in the secondary circuit. In such a 
case the galvanometer shows no throw. 


If M is the mutual inductance, R is the total resistance 
in the secondary circuit including the resistance of the 
secondary coil, G the galvanometer resistance and i the primary 


current, the charge circulating the galvanometer is 


Mi 


Again 


G+R 

if r be the resistance across the capacitance C, the charge 
flowing to the capacitor is irC, and of this the fraction passing 

R 


through the galvanometer is i>C. 
galvanometer, we should have 


G R 


For a balance in the 


Mi __ irCR 
^^~G+R 

Hence M= RrC 


NU.MERICAL EXAMPLES 

/. A long solenoid having 50 turns per centimetre carries 
a current of I ampere. A metal disc of radius 10 cm. is placed 
inside the solenoid and is rotated at the rate of 10 revolutions 
per second, the axis of rotation being the same as the axis of 
the solenoid. Calculate the potential difference between the 
centre and periphery of the disc. 

Solution: Field inside the solenoid /r=47rx 50x0' 1=2077 
Induced em/ e=n.Trr’^H=10xnXl0*x207T 

or €=2x 10* X7r* = 19’7x 10* e.w.u. 
or e=l‘97x 10'® volt. 

2. A solenoid produces a flux of 3x10* maxwells in an iron 
core for a current of 1‘5 amperes through it It has 500 turns. 
Calculate the self-inductance. 

Solution : Total flux linked with 500 turns=3 x 10* x 500 

Flux for e.m. unit current = 10® 

l-5x 10“*^ 

Hence self-inductance=10* e.m.u. = 0‘l henry 
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3. An air-core solenoid of 40 cm. length and having 10 turn 
per centimetre has a diameter of 4 cm. Calculate the self- 
inductance in henry. 

Solution : L=47Tn^a^l, n= '0, a=2 cm. /=40 cm. 

So L=47rMO».22.10=631-014x 10« e.m.u. 
or L=6310l4xl08xl0"» = 63r014xl0‘® henry 

4. Calculate the mutual inductance of two solenoidal coils 
the inner one having IS turns per centimetre wound on a wooden 
cylinder of 100 cm, length and 4 cm. diameter. The outer coil 
has 100 turns and is closely wound round ti e central portion of 
the inner coil. 

Solution : L, n^ = l00, w«=l00xl5 

Uj} 

Z,= 477«^=>/^ =4,t X 5« X lOOx TT X 2" = 38-4 X 10* 

So A/=j^^^x38-4xl0*==2-56xl0* e.m.u. 
or M=2-56xl0"® henry 

5. Two coils having 1 200(1. H and I800(iH as respective 
self-inductance are joined so that when the mutual inductance 
is positive the effective self inductance of the combination is 
4 mH and it is 2 mH when the mutual inductance is negative. 
Obtain the mutual inductance. 

Solution : L=L.^-\-L2-r2M—{l200-\-\iOO)ii.H-\-2M=3mH-}-2M 
L'= ,.i+L2-2M=(1200-; 1800) ^iH-2M=3 mH-2M 

Hence L—L'=4.U, and as given L=4mH and L'=2mH, 

So 4m => (4—2)mH= 2 mH. 

Hence M=0’5 mil. 

EXERCISES ON CHAPTER V 

5-1. Establish mathematically that the induced emf in a 
circuit is equal to the rate of change of flux through it. 

5-2. What is Eddy current ? Describe experiments to show 
its existence and transference of such current to an external 
circuit. 
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A circular metal disc of diameter 40 cm. rotates on its own 
axis 60 times a second, the plane of the disc being normal to a 
magnetic field of 100 oersteds. If two copper brushes connec- 
ted through a resistor of 15‘7 ohms respectively touch the axis 
and periphery of the disc, calculate the current through the 
resistor. [Ans : 0'0048 amp.] 

5'3. Define coeflScient of self-induction. Obtain an expres- 
sion for the energy stored up in the medium due to a current i 
established in a coil of self-inductance L. 

Calculate the self-inductance of a solenoid and discuss the 
case where the solenoid is a short one. 

A uniform solenoid of length 100 cm. and radius 2 cm. 
contains 20 turns per centimetre. Calculate the energy 
dissipated in the spark when the circuit carrying 5 amperes of 
current is suddenly broken. [Arts : 7'88x 10* ergs.] 

5‘4. Two parallel wires are lying d distance apart, where 
</>> a, a being the radius of each of the wires. Calculate 
the self-inductance and discuss its importance when d-*- a. 

Obtain the self-inductance of two co-axial cylinders and 
indicate the use of such a combination of conductors in the 
transmission of radio-frequency alternating current. 

5'5. Define mutual inductance. Show that the mutual 
potential energy of two coils having mutual inductance M, 
each carrying a current is Mi*. Explain the coefficient of 
coupling. 

A small circular coil of turns, each of radius a is placed 
on the axis of and at a distance x from the centre of another 
coil containing n, turns and of same radius. Calculate the 
mutual inductance of the two coils. 

r Ans : 

L (a*+x:*)^ 

5*6. A small coil of 50 turns each of area 100 sq. cm. is 
placed at the centre of a Helmholtz double coil system each 
of 100 turns and radius 10 cm. Calculate the mutual 
inductance. [ Ans : 44’8 filf ] 


J 



188 


CURRENT ELECTRICITY 


57. Calculate the mutual inductance of two solenoids, 
one small solenoidal coil wound at the central portion of a 
longer one. 

5 8. Discuss how an interrupted primary current induces 
current in a closely wound secondary coil. 

5‘9. Describe the construction and working of the Ruhm- 
korff’s induction coil. Discuss and explain the action of the 
condenser put in series with the primary coil. 

An induction coil has a mutual inductance of 5x10* e.m. 
units. If a current of 5 amperes in the primary collapses 
completely in O’Ol second, calculate the secondary voltage. 

[ Ans : 2500 volts ] 

5' 10. Describe experimental methods for determination 
of (a) self-inductance (b) Mutual inductance. 

5‘I1. A solenoid 70 cms. long is wound with 30 turns of 
wire per centimetre each of radius 4' 5 cms. A secondary coil 
of 750 turns is wound upon the mid-portion of the solenoid. 
Calculate the self-inductance and mutual inductance of the 
solenoid. How will the inductance of the solenoid be affected 
if the secondary coil is closed ? 

[/4ns : L-0’05H, M=0'0\SH, Diminished] 

5' 12. Calculate the coefficient of self-induction of a 
solenoid of 400 turns if it produces a flux of 30000 maxwells 
in an iron core when current of 2 amperes flows through it. 

[Ans: L=Q06H] 

5' 13. Two solenoids have self-inductances L^, and 
mutual inductance Af. For complete linking prove that M 

5‘14. Give the three different definitions of self-inductance. 
When do these disagree ? 

Define Henry and express it in e.m. unit. 
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VM. CIRCUITS HAVING INDUCTIVE RESISTANCE 

Growth of Current : A coil having a pure resistance R in 
series with a pure inductance L represents an inductive circuit. 
Let such a combination be employed to join the terminals of a 
supply of steady emf E. As soon 

as the circuit is closed, a current 

flows and a flux becomes linked a 

with the coil. This growing flux ^ 
causes a back emf due to electro- ■ . 

magnetic induction and it is of ^ 

magnitude Hence the voltage ^ * 

at 

that is available for setting up the current through the resistor 

is This emf causes a current i through the resis- 

dt 

tance R, given by the equation 

E-L ^ = Ri 
dt 

di _ E-Ri 
dt L 

or = ^Adt 

E-Ri L 


Integrating, logf^(E^Ri) = — /c is a constant. Apply- 
ing the initial condition, when r=0, i=0, we get k=loggE. 
Hence log. f — 1= — §-t 


iog,^ 

E-Ri 


E 

J L 

or 

E-Ri 


E 

= e 

or 


II 

i 
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This is the expression for the magnitude of current at any 
instant. The current instead of attaining the steady value 
instantaneously from the start grows exponentially and reaches 

-B. 

the maximum value when e t=0 i.e. when t -* <. The 

steady value of the current is given by I'o = hence i = 

R 


io(l -e ''), writing A for -^A is called the time constant of the 

R 

circuit. If we put t=X, than i=/j,|l— Jj = 0‘632/o. So the 

time constant may be defined 
^ as the time in which the 

n -| current reaches 63 percent of 

•• - ^ its maximum value. Though 

theoretically the current 
** should attain its maximum 

.o. .-o. ■»» .» M value in infinitely long time, 

O* Time In S»t0nd$ — — • i... • j 

in practice it is obtained 
within a time which is not 
very long. Iron-cored coils for which L is comparatively 
large takes several seconds to reach its maximum value. The 
nature of growth of current as determined by different values 
of A is shown in curves drawn in Fig. 6*2. 

Decay of Current ; Let a circuit containing a resistance 
R and an inductance L be completed through a battery of 

emf E and let it produce a current ^aaaaa 

I. If now the key is thrown off the r 

battery and made to form a closed 
circuit containing the resistance and e 

and the inductance the differential 

equation for the current in the Fig. 6-3 

closed circuit becomes 

L§+Ri=0 

at 


Time InSeeonde*^ 

Fig. &2 


Fig. 6-3 


-z^ 
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Integrating, log^i= —j+k,k is a constant. Initially when 

t=0, i=io= 5 , the steady current, hence k—logfic 
R 

Therefore loge ■“ 


Though there is no battery in the circuit, the current persists 
for sometime and decays exponentially. 


Putting 




t 

A- 


when r=A, *^=0 308/„ 
e 


The time-constant X may be 
considered as equal to the time for 
the current to decay by 63 percent 
of its initial maximum value. 

It may be noted that growing 
complimentary (Fig, 6-4). 



and decaying currents are 


VI-2. CAPACITANCE AND RESISTANCE CIRCUIT 

Charging of a condenser : Let the terminals of a condenser 
having a capacitance C be connected through a resistance R 

to the terminals of a battery of 
emf E, As soon as the circuit is 
closed charge flows from the 
battery to the condenser and this 
flow of charge through the resis- 
tance constitutes a current (i). The 
equation for the charge in the con- 
denser at any instant may be written as shown overleaf consi- 
dering the potential drop at the terminals of the resistor. 
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S=e-r, 

or Ri+^=E 

'-f • 

or ^^=1(E-QIC) 


at 


or 


d(E-QIC) ^ 

CR 


(E-QIC) 

Integrating, /d^e (e- §-)=“^+^ 
Initially when 1=0, 0=0, hence Jir>= tog* E 

Tl.e«fo«. to*. ^ 


or 


or 


j 

CR 


E- ^=Ee 


Q=EC(l-e'^^ 


When t->-oc, Q=EC=Q,, the maximum charge 
or Q=Q, 

The charge grows exponentially (Fig. 6’6) being delayed 
due to the action of the resistance. If A be written for CR, 

. t_ 

0=0, ^1-e A is called the time constant. When A=/, 

0=O’6320o. Hence the time constant is the time required Tor 
the capacitor to acquire 63 percent of its maximum charge. 


dt CR 




Where i, is== the initial maximum current. 
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Considering the instantaneous voltage V given by at ’-the 


terminals of the capacitor, the equation Q = EC\ \—e 
be written as 





may 


Discharge of a condens^er : When a charged condenser is 
short-circuited by disconnecting the battery (Fig. 6*5) the 
condenser begins to discharge. If Q be the charge on the 
condenser of capacitance C at any instant t after the removal 
of the battery, the potential of the condenser is Q/C. If i be the 
current the potential drop at the ends of the resistance R is RL 
These two balance one another and hence. 



Integrating, log^Q— — k being a constant. 
CR 


When t=0, the initial charge Q = Qo = EC, so 
k=hggQo. Hence 

(B - - CR 

or Q=Qoe = ECe'^"* 

The discharge is not instantaneous but the charge of the' 
condenser falls exponentially (Fig. 6'6) and is delayed by the 
action of the resistance R. 


Putting A= Q=Qoe \ A is called the time 
CR 


constant. 


C. E.— 13 
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When /=A, g=0'368 Q^. Time constant is the interval nece- 
ssary for the condenser to lose 63 percent of its charge. 

t f_ 

^ ^ . do On CR E ~CR . CR 

Current *'"= — -e =—toe 

dt CR R ® 

where io is the initial current through R. The potential of the 
condenser at any instant is obtained as 


y 6_ 6o 

c c 


-t .i 
e ^ = Ee ^ 


Both in the process of charging and discharge the current 
starts with its maximum value and decays exponentially to 
zero, but the direction of the current during discharge is 
opposite to that at the time of charging. 


VI-3. OSCILLATORY CIRCUITS 


Charging of a condenser tbrongh inductance : Suppose a battery 
of emf E is connected to a condenser of capacitance C through 
an inductance L. As soon as the circuit is closed charge passes 
to the capacitor causing a current through the inductance 

and a back emf of magnitude is induced. It opposes the 


emf of the battery. Hence at any instant the potential differ- 
ence at the ends of the capacitor in terms of its charge and 
capacitance is given by 



mw- 




Fig. 6-7 

Putting Q—EC=x, 


Q 

C 


= E-L 



I 


or L 



EC-Q 

C 


dt 


EC-Q 

LC 


== d KQ-EC) ^ d^ 
dt* dt* ' dt* 


d*x l_ „ 

Idi* LC 


Hence 
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I d*X 

Again putting 0 )®= — , — =_a>ax. 

Let be a solution of the equation. 

Hence =-p*x 

at^ 

d^x 

Putting this value of in the differential equation 
dt^ 

we get, p®+ft»*=0 

or p— ijo) , where 

So , A^ and A^ being constants, 

or x=A.y{cos sin o}f)-\-A ^(cos oA—j sin cat) 
or +A^) cos a>t+(A^—A^) j sin ot 

or x=^A cos <01-1-5 sin cot, A and B are new constants. 
Substituting for x its value Q—EC, we get 
Q—EC=A cos <ot+B sin cot 
At the start when t=0, Q=0, hence A = ^EC 

Also when <=0, ^=0, hence 5=0 
dt 

so Q—EC= —EC cos cot 

or Q=EC(\—cos <ot)=Qo(] —cos cot) 

(2o is the steady charge EC that would have been obtained 
by direct contact of the battery with the condenser. The 
charge varies in a sinusoidal 
manner, as shown in th® 
graph (Fig. 6'8), on either side 
of the steady charge. 

Current i= to sin mt 

or i= tin sin cot, 

VLC 

writing — 

^/LC 

The current also is simple harmonic in nature, the frequency 

being given by /= - u. f= _J 

2*^ 2nVLC 

The charge of the condenser surges backward and for- 
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ward -through -the inductance-' being, alternately maximum 
on either plate. At an instant halfway between the two 
extremes, the charge upon the plate is 

This is an ideal case, never realised in practice. We have 
assumed the circuit to possess no ohmic resistance, .which is 
never obtained. 


Discharge of a condenser throngh an inductance : Let a 

charged condenser of capacitance C having a charge Qo be 

short-circuited through an inductance L . The passage of the 

di ^ 

charge causes a back emf which tends to drive the 

charge in the opposite direction. The potential difference 
between the plates of the condenser at any instant is QjC 
and hence the equation for the discharge may be written as 


or 


-L 

d^Q_^ 

di^ 


^ = Q 

dt C 

putting 


2 


This equation may be solved in the same manner as 
shown in the foregoing section putting Q=Aoe^^ as a 
solution. The value of Q is obtained as Q=Qo cos 
where Qo = EC, the steady charge that would have been 
obtained by connecting the battery directly with the 
condenser or the maximum charge of the condenser before 
short-circuiting it. The discharge is oscillatory, the frequency 
of oscillation being given by /=a>/27r= l/27r\/LC The charge 
surges backwards and forwards through the inductance being 
alternately positive and negative upon either plate of the 

condenser. For either extreme 

O * 

the energy of charge is and 

at an instant halfway between 
the extremes, the charge upon 
Fij;. 6'9 either of the plates is zero, and 

the energy is wholly associated with the inductance having 
the value 
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The current i=~ 
dt 

or i=—o}Q^ sin <ot 
or i=ioSino}t, io = —<oQo- 

Current of this type is known as alternating current. The 
production of sinusoidal current in this way has important 
applications. By this method we may generate alternating 
current of any desired frequency by proper choice of the 
values of L and C. High frequency current as necessary in 
radio-transmission is obtained by this principle of discharge of a 
condenser through an inductance. 

VI-4. DAMPED OSCILLATORY CIRCUITS 


Charging a condenser throagh an inductive resistance : If an 

ew/ (£) is applied to a circuit containing a resistance (R), an 
inductance (L) and a capacitance (C) in series, the emf of the 
battery available for sending a current through the resistance 
is opposed by the induced emf in the inductance and the 
potential difference at the plates of the condenser. Hence if 
i be the instantaneous current through the resistance and Q be 
the charge in the condenser at any instant, we have, 


Ri=E- \ L-^ 
\ dt 




wvww- 

R 


s 

Lc? 


Fig. 6-10 


d^Q,RdQ,Q-EC_^ 


Put x=Q—EC=Q—Qo, being the steady charge. 


Hence 


dx_(iQ 


dt dt 


d^x 

dt* 


dt* 


D 1 

Putting ^ = 2fc*and the equation may be written as. 


d*x 



0 
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Let x=Pe”‘* be a solution of the equation, hence 

^ = mPe^* =mx and = m^Pe”'* =m^x. 
dt dt^ 

So the equation is obtained as 

It m'i and be the roots of this equation 
— — and»j2= — fc— VA:®— < 0 ®, 


Hence = =2A> (say) 

So nil = — and —k—b, also mym^ = u>* 
Thus writing the solution in terms of the roots, 


t '"of 

x=Ae +Be “ 

dx ""i* ” 

=m^^Ae 


When r=0, x=A+B so Q—Qo = A+3, but since when 
t=0, 0=0, so A-{-B= — Qq. 

Again when t=0, = niiA+m,B=0 


Hence ^ = 0o-— 

nil — Wg 


So 

or 

or 

or 



'■] 

(-k+b) e ] 

e*>*-(-k+b) e-*’‘ ] 
-{k-b) e -'’* } ] 


The charge gradually approaches the steady value Qo , the 
mode of approach is somewhat exponential. 

OSCILLATORY CHARGING : If the components of the 
circuit be such that k‘<ot^, then b= Vifc*— o>* becomes ima- 
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ginary and so may be written as y/>, where p* =6)*— A:*, and 
so the equation for Q should be written as 


Q 

=e, 

{' 

e-fct f 
2jp 1 

ik+Jp)e^**—(k—Jp) e 

)] 


or 

Q= 

Qo[ 

1 e 1 

2Jp 1 


+ 

1 

I*. 

or 

Q= 

Qo^ 

* 1 

1-V- 

2jp 1 

^ 2jk sin pt+2jp cos pr| j 



or 

Q= 

■-Qo\ 

“1 

1 — 2^^ k sin pt+p cos pt)^ 




Put 

k= 

a sin <l> and p = a cos so tan <l>=klp 

and 


fl» = 



= fc®— or ^ 7 = 0 ), k—o) sin 

<f> and 







p = ci} 

cos 4>. 


Therefore Q=Qo 

r ^ ^ 

1 (lo sin pt sin <l>+oj 

L P 

1 cos pt 

cos^j 


or 


or fi=!2o|^ 1 — <0 cos (pt— (^)J 

Q=Qo\ 1- cos t — 1 

L vo)*— J 



Fig. 611 


The charge varies in 
oscillatory character 
and it gradually loses 
amplitude. The ampli- 
tude initially may be 
many times greater 
than the final steady 


value. The frequency for oscillation is given by 


J_ / 1 

■' 2^ LC 4L* 


Expression for the current : Current \ is obtained as 

^ and so 
dt 

“lie- ] 

or i=6or sin — cos(pr— 
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or i= [ P (pt—4>)+k cos (pt—4') j 

or / = p sin pt cos 4>^P cos pt sin ^ 

+k cos pt cos 4)+ k sin pt sin j 


Since k=p tan </>, hence by substitution for k, we get 
P 


p sin pt 


cos <l>—p cos pt sin <j> 


+pcosptsin<j>+Ej!2li^l 
cos tp 


] 


or / 




r p sin pt cos 4>+p sin pt—'^^-f - 1 
L cos<l> J 

or i = p sin pt(cos^(f>+sin^(l)) 

p L C05<p J 


P 

o-ht , 


P 

o-kt , 


O Oi . . CU . I P 

or / = ^ psmpt--^ since cos^=~ 

P P O) 


or i = Q, 




sin pt 


or ! 


- gpg 



J 

LC 4L* 



J_ 

LC 4L* ' 


t 


The current is oscillatory with gradually diminishing ampli- 
tude. The frequency of oscillation is 



R^ 

4L» 


Discharge of condenser through indnctive resistance : A 

condenser of capacitance C and charge 2, is short-circuited 
through an inductance L and resistance R ( Fig. 6*10 ). The 

discharge causes a gradual fall of charge, indicated as — in 

at 

the capacitor and this sends a current through the resistor R, 

given by i = — ^ . 

at 
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Equating the ohmic potential drop at the ends of the 
resistor with that at the plates of the condenser, having a 
a charge Q, diminished by the back emf in the inductance, 
we may write 


C dt 

or - R^-= ^+L 

dt C dt^ 

or 

L dt ^LC 

D 1 

Putting —=2k, and = we may write 

‘'J+ a=-^2+„.e.o 

Let Q—Pe”'*^ be a solution and hence mO and 

dt 

d’‘0 

so the equation stands as 
m*+2km+w^=0 

If nil and m, be the two roots of the equation 
«! - —k + y/Jc^—c^ and m^= —k—^k'‘—w'‘, 
and mi-nijj = 2Vjka^^IJ^=2h (say), 
hence nii=— k+b and wi„ = — A:— Z>. 

Thus the value of Q may be expressed as 

w- t 

Q = Ae +Be “ 

when /=0, Q-Qo, so A+B=Qo 

Again when r=0, ^=0 so miA+m2B=0 
at 

Hence A= and B= QA- 

/Wl— Wg 

n r "*1 * "*o « ’ 

m ^ m l~ + "»l« I 

^ OnV (-k+b)t (-fc-bU-1 

or e=-|M(fc+*)e - (k-b)e J 

or e = ] 



202 


CURRENT ELECTRICITY 


The charge of the condenser decreases exponentially with 
time and reaches zero when The discharge may be 

stated as dead beat when the decrease is rapid which depends 
upon the value of k, i.e., RjlL. 


OSCILLATORY DISCHARGE: If y/k‘-<»‘ 

becomes imaginary. Writing tu* — /t®-/?, we get b=jp. 

Hence (k+jp)e >^* ] 

or j' 2jk sm pi + 2Jp cos pi J 

O I? ” ^ ^ r T 

or — y k sin pt+p cos pt J 

If we write k = a sin (j> and p=a cos tan (l> = klp 
and 6* = fc®+/7* = A:® + — /v® = 

or a=(o and k^w sin (j), p=(o cos </> 


Therefore 



^ a> sin pt sin </>+a> cos pt cos 


_ ^ cos {pi— 6) 



The frequency of oscillation 


The discharge is oscillatory 
and the amplitude of the 
oscillation, that is the maxi- 
mum value of Q di- 
minishes gradually accor- 
ding to the factor e'*‘. 
is given by f=pl2ir, where 


p=y/o)^—k*, < 0 ^ = 11 LC and k’=Rl2L, hence, 


/ = In 277 -sJic 4L® 

When R-»>0, /= — 

2WLC 
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Expression for the current : We have obtained for the 
charge in the condenser at any instant, the equation 


Q = 


CoC 


-let. 


COS ( pt—4 > ) 


Current 1=^=0^. 

dt p dtl 


we get 


(pt-4)] 

or ke-^t cos p 

or 1 = 1^^ cos (pt—<f>) + p sin (pt—eft) 1 

Substituting p tan <f> for k, as shown in the previous section, 

i= _ 00^“* 


sin pt 


or i= - 

LC 


^ 1 - 

nIlc 


sin . t 

NLC 4L« 


LC 4L* 


When the oscillations become undamped and the 

current may be expressed as 

1 = sin — -- 

Vlc Vlc 

Frequency of undamped oscillation is 

particular value has been obtained independently in § VI-3. 

CRITICAL DAMPING : If A:*=w», the discharge reaches 
a critical stage and the damping is such that deat beat discharge 
becomes most rapid. For a slight increase of <o,k^<(o^ and 

the discharge, as shown, becomes oscillatory. This condition 
is obtained when = »-c. when = Thus the 

value of R determines the nature of discharge. 


VI-6. MEASUREMENT OF HIGH RESISTANCE 

Method of leakage : If a condenser of capacitance C and 
initial charge Q is allowed to discharge through a high resis- 
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tance R, the charge Qo remaining in the condenser after a 
time t is given by (§ VI-2), 



R may be obtained by determining the quantity QIQo- A, 
ballistic galvanometer may be used for this purpose in an 
arrangement shown in Fig. 6* 13. 

A condenser of capacitance C is charged fully (Qo) 
allowed to discharge instantaneously through the ballistic 
galvanometer. The throw 0, is noted. It is again charged and 
allowed lo leak for t seconds through the high resistance R, 
Then it is discharged through the galvanometer. The throw 
9 now obtained is proportional to the charge Q remaining in 
the condenser after discharge for t seconds. Hence 



of the order of 10 meg-ohms and upwards can be measured 
by the method. 


NUMERICAL EXAMPLES 

1. A telephone is operated by a battery of 24 volts, having 
a negligible resistance. The telephone has an inductance of 
10 henries and resistance 100 ohms. If the operating current 
is 120 mA, calculate the operating time after the voltage is 
applied. 

\ / R t 

l—e or — = 1— c ^ 
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f Rt. It ' i \ 

So !-*—=« hence — I 
24 

I'o =-rnn ~ ~ amp. 

lUU 

So. -At= /og,j l-:12j = _ iog^2 
or < =2-303 X -3010, hence <=0 069 sec. 


2. Calculate the value of the current after 0'05 seconds, if 
a p.d. of 100 volts applied to a circuit of resistance 50 ohms 
and self-inductance 5 henries is suddenly withdrawn, the circuit 
being shorted immediately. 

Solution : amps. 


log, (4-) = -| / 0-5 

Putting = X, 

2-303 logj^oX=0‘5 
or log.,x =^^3=0-2172 


So A=;c = r65 
1 

hence i=— ®— = i* 21 amp. 

1-65 1-65 ^ ^ ^ 


3. A charged condenser of 1 (jlF capacitance is short-circuited 
through a resistance so that the charge is reduced to 50 p,c in 
6'93 seconds. Calculate the value of the resistance. 


ScMion: <^= 2 , 

SO 2-303 /OS..2 - 


or 


6-93x10* 
2-303 x 0-3010 


= 10 meg-ohms. 
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4. (fl) Obtain the circular frequency of oscillation of a circuit 
formed with a condenser of capacitance 10' and a coil of 
self-inductance 0'4 mH. Neglect the resistance of the coil. 

„ . . . , 1 1 1 

Solution : p= 2nf= ^ v in-a ' 

VlC -/O^XlO-oxlO-s 2X10 


or p — 0 5 X 10® =500 x 10* =500 kilocycles/sec. 

(6) In the foregoing problem obtain the frequency if the 
resistance in the circuit is 80 ohms. 


Solution 


: /= — / 1 — 
^ IttWlc 


LC 4L* 


2wV 0-4 X 10-1^' 


80* 


or 




,—*/ 25x10^° -10^° = 


4(0-4 X 10- »)» 
10® X 4-9 


or f=n'9i kilocycles per second. 


5. A condenser with a capacitance of 25pF is discharged 
through a coil of self-inductance 4 henries. What resistance 
should be included in the circuit so that the discharge may be 
critically damped ? 

Solution: For critical damping 

c »2 4x4 _4x4xl0* 

^ =2^0^® 25 

or 0-8x10® = 800 ohms. 


6(fl). Calculate the leakage resistance of a condenser of 
capacitance 6p.F which on being charged loses 90 percent of its 
charge in 10 minutes. 


Solution : log^ 

or 2-303 x/og,o(^) = 


CR 

10x60 

6xio-»x/i 


• •• 


(0 


or (2-303 x 0-0458)J?= 10* 

Hence i{=948 meg>ohms. 
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(b). A resistance is joined across the condenser and It 
is found to lose 50 p.c. of its charge in the same interval. Calcu- 
late the value of this resistance. 


tos, (iO 


From (i) and (ii) 


00458 


0-3010 948+/- 

Hence r= 153-2 meg-ohms. 


EXERCISES ON CHAPTER VI 

6'1. Discuss the growth of current in a coil having induc- 
tance and resistance when a source of constant emf is applied 
to the circuit. What is time constant ? 

Show that the decay of current in the same circuit when 
the emf is withdrawn is complimentary to the growth. 

6'2. Discuss the nature of discharge of a condenser through 
a resistance. What is time constant ? 

A condenser of capacitance O-lfiF is charged and when 
it is allowed to leak through a resistance its potential falls 
to 25 p.c. of its original value in 0-693 second. Calculate the 
resistance. 

[Ans : 5 meg-ohmj 

6-3. Investigate the nature of charging a condenser through 
a resistance. 

A 25/l(F capacitor is in series with a 1000 ohms resistance 
and a 200-voIt source is applied to it. Determi n e (i) the 
initial current (ii) the time constant (iii) the charge when the 
time is equal to the time constant and (iv) energy stored up 
in the capacitor at that instant. 

[Ans : 0-2 amp., 0-025 sec., 0-00316 coulomb, 0*199 joule] 

6*4. Find an expression for the current at any instant in 
a circuit containing a capacitance, an inductance and resistance 
connected in series, when a source of constant emf is applied. 
Obtain the condition for the current to be oscillatory. 
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6*5. A charged capacitor of capacitance C is discharged 
through a resistance and inductance. Obtain the nature of 
discharge and indicate when it is oscillatory. 

What is the resistance of the circuit with a capacitor 2/xF 
and inductance 0*5 henry when it becomes critically damped ? 

[Ans : 1000 ohms ] 

6*6. Explain the theory underlying the measurement of 
a high resistance by method of discharge of condenser through 
it. Describe the experimental arrangement. 

A condenser of capacitance lOfiF is charged to a potential 
of 200 volts. On short-circuiting it through a high resistance 
the voltage falls to 120 volts in 40 seconds. Calculate the 
value of the high resistance. 

[Ans : 7*83 X 10® ohms] 

6*7. A condenser of capacitance C is charged to a poten- 
tial E and discharged through a coil of resistance R and self- 
inductance L. Describe the condition for producing an oscilla- 
tory discharge. How can you demonstrate oscillatory nature 
of discharge ? 

6*8. A charged condenser is discharged through an induc- 
tance of negligible resistance. Discuss what happens and 
state the importance of such a circuit. 

Determine the frequency of oscillations in the case of a 
Leyden jar of 0*00 1/xF capacitance discharged through an 
inductance of 0*004 henry. 

[Ans : 79*56 kcs per sec] 

6*9. A leaky condenser loses 10 p.c. of its charge in 
5 minutes. If the terminals are short-circuited through a resis- 
tance of 10 meg-ohms, the loss of voltage is 50 p.c. in the 
same interval. Calculate the resistance of the insulation. 

[Ans : 0*18 meg-ohm] 

6*10. A capacitance of 0*16/xF is discharged through an 
inductance of 0*4 henry. What resistance added in the circuit 
makes the discharge just non-oscillatory ? 


[Ans : 10 meg-ohms.] 
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A. C. CIRCUITS 

VIM. SINUSOIDAL E. M. F. 

Induced current in a rotating coil : If a closed coil be 
rotated in a uniform magnetic field, a current flows through it 
due to induced emf caused by change of flux linked with the 
circuit. 

Let a coil having n turns each of area A be rotated with 
angular velocity o) in a uniform magnetic field of intensity H. 
Let at any instant t the normal to the coil make an angle 




(a) Fig, 7*1 (b) 

0=a}t with tlie direction of the field. The flux linked with the 
coil in this position is given by N^AnHcoid. Hence as the coil 
rotates the change of flux produced generates an emf in the coil 
given by 

E= — {AnHcosd)= — f (Anti cos wt) 

dt dt ^ ^ dt^ 

or E== —An Hcj sin wt = Eq sin wt = Eq sin 9, 

E indicates the instantaneous emf at an instant denoted by t 
or at any position 9 of the normal to the coil with respect 
to the field. The emf is sinusoidal, the amplitude or the peak 
value of the emf being Eo = AnHw, 9 is the phase angle. 

Such an emf is called an alternating emj and the associated 
current in the coil expressed in the form of iosUi9 is an 
alternating current. The frequency of the emf is given by 
/=a>/277’, the period of oscillation is T=27rlw, w is called the 
circular frequency or pulsatance. It is denoted also by p, 

C.E.— 14 
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If <l> is considered as the angle made by the plane of the coil 
with the field then the flux at any instant is N=AnH sin4> and 
the induced t mf is obtained as a cosine function i.e. AnHwcos^ 
=E,cos^. Alternatively, if at the time of start the normal to 

the coil be making an angle ^ with the field i.e. when 1=0 

0 = |, so 0it={e-^,&0 smd = cos{d-‘^-^cos Wt. Therefore 

the emf E=EoSih6= Eocos cut. In other words, if the time t is 
reckoned from the instant or position of the coil when the 
emf is maximum in the coil, the equation for the emf is 
E=EoCrKswt. On the other hand if this is counted from the 
position or instant of the zero emf the equation should be 
taken as E=EoSin cut. 

The wave form of an alternating current instead of being 
sinusoidal may be a complex one. Our discussion will be 
limited to the sinusoidal emf and current only. 

Earth inductor ^ The earth inductor is a contrivance for 
generation of sinusoidal emf by induction caused by earth’s 
field. It is a rectangular or circular coil consisting of several 
turns ol insulated wire mounted on an axle so that it can 

be rotated at any angle with the 
earth’s magnetic field. When the 
coil is rotated there is a change of 
flux through it. The current set up 
in the coil may be conveyed to any 
external circuit by means of a ring- 
and-brush arrangement. The earth 
inductor may be used for measuring 
earth’s magnetic field. 

DETERMINING E A R T H* S 
MAGNETIC FIELD : The coil is 
placed in position with its plane 
vertical. It is now rotated uniformly. 
Let H be the earth’s horizontal mag- 
netic intensity. When the normal to 
the coil makes an angle 0 with the earth’s magnetic merdian, 
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the flux through the coil, if its effective area be A,n (A is the 
area of each turn and n is the total number of turns), is 
AnHcosO and the induced emf is given by 

(AnHcosd) 

and the current through the coil of resistance r is 

i= (cos6) , —ve sign being omitted 

Let the ends of the coil be connected to a ballistic galvano- 
meter. If the coil is turned through 180” in a time t and q 
is the charge circulated through the coil in this interval, then 


q=j i.dt = dicosO) =.4'L^cos 

0 0 0 


or 


^_ 2AnH 


hence 




SL. 

2An 


Kr 

If < is the ballistic throw q=K<, so H= - 

2An 

The vertical field V can be determined by placing the 
plane of the coil in a horizontal plane. If »c’ is the throw 
for such an arrangement in a similar experiment as described 

then K=-^x.'. 


If (j) be the angle of dip, tan <!) = - = 

H 




VIM. AVERAGE VALUES 

Average valae over a half-a-cycle : The instantaneous value 
of an alternating ew/ is given by Eo sinpt=^EoSin9, where p is the 
pulsatance. Mean value of sinO over a complete cycle {i.e. in 
the interval in which 0 varies from 0 to 27r) is zero. So the 
average value of an alternating emf or current over a complete 
cycle is zero, it being positive in one and negative in the other. 
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Hence the mean value over half-a-cycle is generally considered 
as the average value. This may be obtained for an emf 
EgSinO as shown below 



Similarly for an alternating current if,sin6, the average 
value is 


*0 J sinO.dO 


i =- 


r'" 

J de 


= i^l-cosO 1 = 

TT L J TT 


So Average value=^X peak value. 


Mean square value : An alternating current is to be mea- 
sured with an instrument in which the indication of the 
instrument is proportional to the square of the current. If 
loSind is the instantaneous value of an alternating current of 
peak value lo, its mean square value over a complete cycle is 
obtained as 


I’* = 


/ 27T 2 r ^ 

/ “ .sin^O.dO J (l — cos20)cf0 ^ 

a ^ O *277 


j 

,277 

dO 

0 


II 

1« 

O 

io 

'2 ' 

Similarly 

for sinusoidal 

/alue is 

r2TT 


J sin^O.dd 

£79 

0 

= 

^277 


J 


2.277 


477 


El. 

2 
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Root Mean Square value or Effective value : Since the mean 


square value is 


2 


the root mean square value of alternating 


current is iolV^- ^ direct or undirectional current of magni- 
tude iolV^ would produce the same effect in an instrument 
(indicating square of the current) as an alternating current of 
instantaneous value ioSind. Hence the . root mean square 
( R. M. S. ) value of an alternating current is defined as the 
continuous or direct current of uniform intensity which would 
give same indication in the same measuring instrument as that 
produced by an alternating current. This is the effective value 
of alternating current and for a current of peak value io its 
measure is iolV^- This is also called the virtual current as is 
indicated by a measuring instrument, the real value being a 
fluctuating one. 

Hence regarding alternating emf or current we have the 
relationship 

Peak value=V^ x (virtual or R.M.S. value) 

The peak value of an alternating emf recording the virtual 
value 230 volts in a voltmeter is 230x \/2 =320 volts, a value 
much higher than the apparent value shown by the instrument. 
For a 50-cycle alternating emf this value is reached 100 times 
in a second. Hence 230-volts A.C. supply is more dangerous for 
handling than a D.C. supply of same voltage. 


FORM FACTOR : The ratio of effective (r.m.s) value 
and average value of a sinusoidal emf or current is called its 
form factor. 


Form factor= value 2)x Peak value 

Average value (2/7r)x Peak value 


or Form factor = — = 1 • 1 1 

2y 2 

ILLUSTRATIVE EXAMPLES 
1. Calculate the emf generated in a rectangular coil of 50 
turns each of area 200 sq. ems, when rotated in a field of flux 
10'*" weber per square centimetre at 3000 r.pjn, at an instant 
0’02 second after it has passed through zero value. 
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Solution : E=EoSin wt =AnH<t} sin wt 

or £=200 x 50xl0-‘x2wx^®^ X [360° X 50 X -02] 

60 

or £=184*5 volts. 

2. Obtain the frequency of an alternating emf expressed as 
E=50 sin 400 wt. Calculate the form factor. 

Solution : Frequency / = -^ = -^95=200 c.p.s. 

2w 2w 


•Peak value Eo = 50 
R.M.S. value 

V2 

Average value — 


Form factor = 


v/2 2x50‘ 


■2‘-v/2 


= 1-11 


VII-3. A. C. THROUGH OHMIC RESISTANCE 

Relation between current and emf : Let an alternating emf 
of pulsatance p and amplitude E. represented as sin pt be 
applied to a circuit of non-inductive resistance R. If i be the 
current at any instant, the ohmic potential drop across the 
resistor is iR. It is equal to the instantaneous emf. Hence 

iR = Eo sin pt 
£ 

or i=‘~-^sin pt=i.sin pt 


— WWWW — 1 

R 

i 

4 

1 

.E _ ^ 

/' tfc/n 

Y 

4 

® — (Cl — 


.j.\j 

(b) 

• 

(C) 




Fig. 7-3 


The voltage at the ends of this resistor and the current 
through it are in phase at all times and they have the same 
frequency. 

VECTOR REPRESENTATION; Alternating emf and 
current are regarded as vector quantities as these have magni- 
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tude and phase. So these may be represented in vector diagram. 
Let the current be represented in the x-axis. In the case of 
an ^m/ driving an alternating current through ohmic resis- 
tance, the current and voltage are in phase. So voltage 
will also be represented along x-axis. At any instant E=Ri, 
in the diagram OA and OB represent the current (i) and 
the voltage drop (E) respectively. Symbolically in vector 
notation, E=i?i. 

The relation between voltage drop and current in other 
types of conductors, such as inductance or capacitance, will 
not be same and so simple as shown here. These are being 
treated separately. 

VIM. A.C. THROUGH INDUCTANCE 

Inductive Resistance or Reactance : Let an alternating emj 
EoSin pt be employed to send a current through an induc- 
tance (L) having negligible ohmic resistance. When a current 

begins to flow, a back . mf Cy is produced which opposes 

d( 

the applied emf. In order that the current may just flow, 
the applied '*mf must be equal to the back ('tnf, so the equa- 
tion for emf is 

sin pt 
dr 

p 

or di = - ® sin pt.dt, 

X-/ 

fi 

Integrating, /= — ^ cos pt+K 
Lp 

Since we are only concerned with steady state conditions, 
so the integration constant K is put equal to zero (See note 
overleaf). 

or 

i, represents £<, ILp the amplitude of current. The quan- 
tity Lp functions as resistance (like ohmic resistance in D.C 
circuits). This is called the inductive resistance or reactance. 
The potential drop at the ends of the inductance is Lpi, whei 
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a current i having a frequency pjlTT flows through it. The 


L 

1 

A 

1 


Y 

f 



O 

o ==^7 5^ 


I 



(a) EoSinpt 

K 

1 

(b) 

(C) 


Fig. 7-4 

emf, (EoSinpt), leads the current ioSin by It 

means that the current reaches its peak value one quarter of 
of a period later. The emf and current are said to be in 
quadrature. The relation between the peak values of the two 
are related as Eq =Lpio and the virtual values as E=Lpi. The 
magnitude of inductive reactance depends upon the frequency 
of the applied emf. It is denoted as Xi^ = Lp. We may 
consider that for unidirectional e/n/, since p=0, that 

is an inductance offers no resistance to direct current. 


Note : The integrating constant in the above treatment 
has been taken to be zero but the reason may not be very 
convincing. This may be avoided if we proceed in the reverse 
way. Let iocos pt be the current in a circuit containing an 
inductance L and no ohmic resistance. The emf induced 


is e= = LpioSin pt. 
dt 


In order that the current may 


flow the applied emf should be always equal and opposite to 
the induced emf hence the applied emf at any instant is 


or 


E==—LpioSinpt = Lpi^cos ^pt+Y^^ 
E=Eo cos ) 


The applied voltage leads the current by g. 


VECTOR DIAGRAM : The alternating emj or current 
has magnitude and phase. As such they behave as vectors. 
The convention accepted is that an angle of lead is measured 
in counter-clockwise direction in a vector diagram. Thus if 
the current is represented in x-axis, the emf developed at the 
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ends of inductance should be represented in the y-axis, since in 
this case the current lags the emfhy an angle 7r/2. 

SYMBOLIC REPRESENTATION : Since mathematically 
a vector multiplied by —1 indicates a rotation through an 
angle n, rotation through an angle njl is considered as multi- 
plication by represented by j\ ( This is quite logical since 

\/ZjX\/“T= •“ 1 and rotation twice through tt/I amounts 
to a rotation through tt). The relation between two vectors 
E and / as occuring in a flow through an inductance in A.C. 
circuits is expressed in mathematical symbols in vector notation 
as E=yL^i, as distinguished from a similar relation (E=R0 
in an ohmic resistance. 

VII-4. A.C. THROUGH CAPACITANCE 

Mechanism of condnction : A capacitor included in a 
circuit in which an alternating cm/ has been applied does not 
cause a blocking of the flow of current, though the conducting 
plates of the condenser is intervened by a non-conducting 
dielectric medium. 

The manner in which the alternating current in the external 
circuit is continued even due to the presence of a capacitor 
in the circuit may be realised by considering a hydraulic 
analogy. 

A tube forming a closed ring having a bulb separated in 
two halves by an elastic membrane is fitted with a pump 
and the tube is filled with water. A pressure applied to the 
piston causes water in the tube to move. This rush of water 
in the expansion chamber causes pressure on the membrane 
which again drives the water 
on the opposite side to flow 
through the ring. Thus there 
is water-flow through the 
tube on both sides of the 
membrane though water does 
not pass through the partition. 

On relasing the pressure on 
the piston the membrane returns to its undisturbed position 




218 


CURRENT ELECTRICITY 


causing displacement of water in both halves now in the 
opposite direction. A to-and-fro motion of the piston causes 
similar flow of water on either side of the membrane though 
there is no transference of water from one side of the 
membrane to the other. Flow of charge in a capacitor circuit 
is similar to this in character. 

When an emf is applied to the plates of a capacitor there is 
a flow of charge through the conducting wire and the plates are 
first charged in a pattern. When the emf is reversed the charge 
from tlie plates flows through the wire in opposite direction 
and. the plates are charged in the reversed way. The result is 
to-and-fro motion of electrons externally between the plates 
and the source through the wire. Thus there is an alternating 
current on either side of the capacitor though there is no 
transfer of charge through the dielectric. 

Cupacitative Reactance : Let C be the capacitance of a 
of a condenser put across a source of alternating emf EoSin pt. 
If Q be the charge acquired by the condenser at any instant, 
the potential difference between the plates is QIC, hence 

EoSinpt 

or 2= EoC sinpt 
or i=/„ sin(^pt -'r|j 

io is the amplitude of the current produced, represented as 

^ _ . The current leads the voltage at the plates of the 

1/Cp 



Fig. 7 6 

capacitor by 7 r /2 at any instant and the virtual values are 
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realised as E=ilCp, The quantity l/C/? behaves as resistance 
occuring in Ohm’s law. Writing the capacitative resistance or 
reactance Xc = llCp, we have E=iXc- 

The capacitative reactance depends upon p, that is upon 
the frequency of the applied emf. Hence a condenser or 
capacitor of definite capacitance offers different resistances to 
alternating emfs of different frequencies. For unidirectional 
P = 0, hence Xc=oo. So condensers are found to offer 
infinite resistance to direct current. When the frequency is 
such that a condenser olfers a negligible resistance it is a 
^by-pass" condenser and when for a high value of frequency the 
reactance is high the same condenser acts as a "blocking^ 
condenser. The potential drop at the plates is E==ilCp. 

VECTOR DIAGRAM : To represent the relationship 
between the current and the voltage in a vector diagram 
(Fig. 7*6c) if OA is drawn along x-axis to represent the current, 
OB drawn along the negative direction of y-axis on the same 
scale would represent the voltage at the condenser at the same 
instant, since an angle of lag in phase is measured in clockwise 
direction. 

IN SYMBOLIC NOTATION : Reactance drop in a capa- 
citor is given by ijCp lagging in phase by ^ with respect to 
current and hence in symbolic notation it is written as 

jCp Cp 

In vector notation, E = — 

Cp 

The capacitative reactance is considered negative in relation 
to inductive reactance. 


VII-5. MIXED CIRCUITS 

Case I — Resistance and Indnctance in series : Let Eq sin pi 

be the applied emf in a circuit containing a resistance (R) in 
series with an inductance (L). Let i be the instantaneous 
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current. The ohmic drop of potential at the ends of R is 
Vn=Ri and the reactance drop at the ends of the inductance 
is Vi;=Lpi. The current in relation to the applied emf may 
be obtained in different ways. 



(i) USING VECTOR DIAGRAM : As shown in the 
previous section (§ VII-3) the potential drop in the resistor 
is in phase with the current and that in the inductance 
(§ VII-4) is ir/2 ahead of the current. These two of magni- 
tudes Ri and Lpi respectively represented by OA and OB are 
drawn to scale along the x-axis and the y-axis (Fig. 7’7b). 
Hence the resultant potential drop in the circuit (which is 
equal to the applied emf) is obtained as the vector sum of the 
two. 

Hence as shown in the diagram 
OC=OA+OB 

E=i VR^+U^ 

E 

or 1 = 

VR^+L^p^ 

This relation applies as well to magnitudes of peak and virtual 
( r. m. s . ) values in the forms 

. En < • Er.rn.s. 

VR^ + L^pi V'R^+L'P'‘ 

The current lags behind the applied emf by an angle 
given by 

“““ 
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Hence the magnitudes of current and emf at any instant is 
related as ^ ^ sin 

The quantity y/R^-\-L^p* is called the impedance of the 
circuit. This functions as ohmic resistance in D. C. circuits. 

(ii) USING SYMBOLIC NOTATION ; The voltage drop 
£ at the ends of the combination is obtained by considering 
the ohmic and reactance drops of potential. So 

E = R\-\-jLp\ 
or E = \{R-\-}Lp) 

E 

or 1 : — 

R+jLp 

R+jLp is the vector operator of the impedance Z. The mag- 
nitude of impedance is y/ R^-{-L^p^. Thus the peak and virtual 
values of emf and current are connected by the formulae 

^0- - and iV.m.».= . 

V-R®-|-LV 

The phase difference between the voltage and the current is 

given by ^ relation between 

the amplified emf and the current in the circuit is given by 

(iii) USING DIFFERENTIAL EQUATION; Let 
EoSin pt., be the voltage applied at the ends of a resistance (R) 
and an inductance (L) in series. Let i be the instantaneous 
current. The ohmic drop of potential at the ends of R is Ri 

and the reactance drop at the ends of L is L j-. Hence in 

at 

order that the current may just flow, the condition to be 
satisfied is given by 

Ri=EoSin pt—L^~ 

lit 

or L^+Ri = EoSin pt 
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The value of i the current at any instant is to be obtained 
by solving this differential equation. Multiplying by the 

intregrating factor e , we get 


Rt 

L 


e 




R±P 

Y sin pt 


or 




Rt 

L 


sin pt 


Integrating, e i i=^-^ 

Lu 


sin ^pt—tan 


R } 


+K 


or i= 

VR’‘+L^P 


-Sin ^pt— tan + 


Rt 

when t 6o, e ^ vanishes, hence in the steady state current 
at any instant is given by 


£ 

i== 2 “ <t>) = ioS'm {pt—(f>) 

where Z=y / and tan The amplitude of 

the current io = — — — . The quantity '^/ R'^+L^p^ is 

Vr^+L^P'^ 

the impedance of the circuit and it is the vector sum of the 
resistance and reactance. The magnitudes of virtual and the 
peak values are obtained from the equation /=£/Z and 
io=EolZ, The current lags behind the applied emf by an 
angle tan'^iLp/R), 

Case 2 — Resistance and Capacitance in series : Let R and 

Xo be the ohmic and capacitative resistances. In a circuit 
containing a resistor R and a capacitance C the potential drop 
at the ends of the resistor is Vj^^iR in phase with the current 
I and the potential drop at the ends of the capacitance is 



A. C. CIRCUITS 


223 


Vx=iXc — iiCp and it is in phase 17/2 behind the current. 
The relation between the current in the circuit at any instant 
and the applied emf EgSin pt may be obtained by different 
methods. 


(i) USING A VECTOR DIAGRAM : As shown in the 
vector diagram (Fig. 7 ' 8 b) OA re- 
presents Vji alo/ig ;c-axis and OB 
represents along y-axis in the 
negative direction. The resultant 
potential drop is the vector sum 
of Fjj and Fy, i.e. 

e=oc=oa+ob 

The phase lag of the current behind the applied emf is 
given by 

(f) is negative and so the current leads the emf. The current 
at any instant is given by 

I = — ^ {P} Z is the impedance 

The virtual and peak values of current and emf are related 
as, i=EIZ and io=EolZ. 


-jj—VAA/' 1 


<a) 


E^lnpt 



(ii) USING SYMBOLIC NOTATION : The voltage drop 
at the ends of the combination is obtained by considering the 
ohmic and capacitative drops, hence 


E=iR -7^ = 
Cp 


R- 



or 


E 


R-JICp 

jl^jjCp is the vector operator of the impedance Z, the 


magnitude of which is ■v/J^*+{cV*' So the magnitude of the 

current is 


VR’^+HICp)’^ 
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The phase difference between the applied emf and the 
current is and the current leads the em/. 

(iii) USING DIFFERENTIAL EQUATION: An emf 
EgSittpt is applied at the plates of a condenser of capacitance 
C through an ohmic resistance R. If i is the instantaneous 
current when Q is the charge on C, then the potential drops 
in R and C are together equal to the applied emf, hence 

Ri = EoSinpt—^ 

or EoSin pt 

Differentiating, R^J+ i^ = E„pcos pt, since 

at C at 

dt , i E„p . 

or — — r-- cos pt 
dt CR R 

X 

Multiplying by the integrating factor 

— p[ 

di CR R ^ 


Integrating, Ipt-tan -HCpR)] 

® EVp^+(llCR)'‘ 

. E, sin [pt-\- tan 

^ ^ E„sm[pt+tan-yiCpR)] 

VR^+lllCpr 

or i=I<>i!nLpj±il, 

where fa/i^=^~and Z^ = R^+(llCpy. The current 

CpK 

leads the emj by an angle tatf^illCpR). The amplitude and 
the virtual values are given by 

1 — anH I — 

2 h-nra- “ — ^ — 
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Cate 3— Indactance and Capacitance in series : Let Ef^sin pt 
be the applied emf in a circuit containing an inductance (L) 
and a capacitance (C) in series. 

If i be the current at any ins- 
tant, the reactance drops respec- 
tively are Lpi and —t/Cp, both 

differing in phase by ~ with res- 

pect to the current, the former 
leading and the other lagging. 

Let OA and OB represent these 
two in the vector diagram, ^ ^ 

OA=Lpi and OB=ilCp. The resultant potential drop is 
{OA-OB)=OC, hence 



The current lags behind the voltage or leads it by ^ according 

as Lp---^ is positive or negative. 

Cp 

Case d— General (L-R-C) series circuit : A resistance R is 
in series with an inductance L and capacitance C and an alter- 
nating emf Eq sinpt is applied to it. To obtain the instantaneous 
current, we may proceed in different ways as shown below. 



(i) USING A VECTOR DIAGRAM : Let the current be 
represented in x~axis. The ohmic drop of potential Ri is in 

phase with current i and is repre- 



Fig. 7-10 


sented by OA in the vector 
diagram in magnitude and direc- 
tion. The inductive reactance 
drop Lpi in the inductance leads 
the current by 77/2 and hence it 
is represented along >-axis by 
OB, The capacitative reactance 
drop i/Q? in the capacitor lags 
the current by 7r/2 and is repre- 


sented along y-axis in the negative sense by OC, The resultant 


C.E.— 15 



226 


CURRENT ELECTRICITY 


potential drop in the inductive and capacitative circuits is 
obtained as difference of 03 and OC, shown in the vector 
diagram as OD. The effective potential drop in the L-R-C 
circuit is obtained as the vector sum of OA and OD repre- 
sented by OE in the vector diagram. The magnitude of OE 
is ^/OA^+OD', hence in magnitude 




or i ~ 


j *•+ 

Impedance 1 Lp— ^ 


The phase difference between the applied emf and the 
current being given by 

The instantaneous value of the current is 
i = -gp xin 

The amplitude of current I’o = ^ 

z 


The virtual current i r.m,8, = 

Z 

(ii) USING SYMBOLIC NOTATION : The ohmic 
potential drop is Ri and the reactance drops in the inductance 

and capacitance are respectively jXpi and i. Hence the 

Cp 

instantaneous emf E is given by 

E = Ri+jLpi - ^ i = ^ R+jLp - IJ i 
E 

R+jiLp-^) 

R+KLp-^^) is the vector operator for the impedance of 
magnitude obtained as Z=V^+(£p_ip. The magnitude 
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of i=ElZ. This expression applies to peak and virtual values. 
The phase difference between the applied voltage and the 


current produced is 

of instantaneous current is 
. ^ EoSinjpt - <f>) 


Ci) 1. Hence the magnitude 
R J 

, vihtte Xi,=iJLp, Xc=-h 


(iii) USING DIFFERENTIAL EQUATION : The equa- 
tion of the potential drops in a circuit containing a resistance 
R in series with an inductance L and a capacitance C in 
which an applied emf EoSin pt produces a current /, may be 
written as 

L R /+ Eo sin pt 

The value of the current is obtained by solving the equation. 
For this purpose in the equation, is written for EgSin pt, 

which is the imaginary part of Ege^^* . 

Let i=Ae^^‘ be a solution. 

Then ^=jpAe^^\ = Putting these values 

at dt‘ 

in the equation we get, 

— p*LA-\-jpRA + 

or ipLA-{-RA + ■^=Eo 
J^P 

or A= ^0 = Eo[R-j(Lp-^^y] 

R+j{Lp-^) R»+(Lp-^y 

or A=— - =^r~ ••• ^ 7 (^■P~c^p) 1 
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R 


Writing Z= ■y/ R‘+(Lp—^j,)^, —=co.<l> and 


^P-(k 

Z 


^=sin4> , tan4>=~-jf^ 


cv' ’ 2 
Lp-,- 
R 


We have ^ = cos^—j sin<f> j = ^-e 

Hence i = ^ ‘ = -|?e 

Considering the imaginary part only 
i = ^ sin (pt—<t>) 

Impedance Z is the vector sum of resistance R and reactance 
{Xi, and Xc) i.e. Z=^/R^+{X,^-Xcy, where Xi^-=Lp and Xq 
- 1/Cp. Emf leads the current by where tan(f> = 

R 

^ is negative if Xj^<Xc and in that case current leads the emf. 
The peak and the virtual values are obtained as io=EolZ and 
i=EIZ respectively. 

Particular cases: (i) When £, = 0, C=oo then (f>=0 and 


tan 0=0, i= cos pt 
R 


[as shown in § VII-3]. 


(2) When C= 00 , tan<f>=^£, i 


(3) When L= 0, ton4> = ^ , i = . 

^ ^ CpR’ V^*+(1/Cp)“ 


(4) When Lp= 0=0, i=^cospt 
Lep R 


[ as shown in § VII-5(/) ] 
_ EoSin{pt—< f>) 

VR^+QlW 
[ as shown in § VII-5(2) ] 

= ^ cos pt 
R 

[ as shown in § VII-7 ] 


ILLUSTRATIVE EXAMPLES 

7. Calculate the current flowing through an inductance of 
0‘4 henry and of negligible resistance when an emf of 200 volts 
at 50 c.p.s, is applied at its ends. 



A. C. CIRCUITS 


229 


Solution : A7, = i/?=27r/L=27rx50x0*4=125*6 ohms 


So i= 


200 

125*6 


= 1*592 amps. 


2. A coil of resistance 50 ohms and inductance 0'05 henry 
is joined with the terminals of a source of alternating emf of 
230 volts at 50 c,p s. Calculate the current and the phase 
difference between the emf and current, • 

Solution : /?=50 ohms, Jf2,=(005x27rx50)=15*7 ohms 

Z= + = \/502+(l5*7)2 = 55*2 ohms 

. 230 A‘\fi 

,= __ = 4 16 amp. 

Phase <j> = tan"i (3^)“ (0‘314) 

or ^ = 17®*4 (e'w/ leading) 

A 200-volt-50 cycle A.C. supply is connected to a circuit 
contaiwng a resistance of 20 ohms in series with a lOOpF 
capacitor. Calculate the current and phase. 

10 ® 

Solution : R=20 ohms, Xc^x ^ ohms. 

27rX 50x100 


Z= VR’‘+Xc^ = •v/20* +(31-8)* “ 37-5 ohms. 

200 

i=—=5 (> amps. 

<f>= — tan"^|- 2 Q— 1=58® (current leading) 

4. Obtain the impedance at 50 c.p.s. of the circuit which 
contains a resistance of 20 ohms in series with an inductance 
of 01 henry and a capacitance of 200p.F. 

Solution : R=20 ohms, JfL=2n-x50x0‘l=31‘4 ohms 


X.= 


10 ® 


27r X 50 X 200 


:15‘9 ohms 


Z=y/Rt^(Xt,-Xc )»=V20*+(15-5)» = 25-1 ohms. 


VII-6. POWER CONSUMPTION 

Power in resistor circuit : In a circuit having ohmic 
resistance only an emf slnpt causes a current I’o sinpt in 
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phase with the emf. The power consumed in the circuit is 
given by 

P=Ei=Ei,sinpt. inSmpt= E^io sin^pt 

Mean Power P =EJ„.X-= . !*!_ 

^ V 1 V2 

So F= virtual emf x virtual current. 

So average power consumed in a resistor carrying alter- 
nating current taken over a complete cycle is obtained as the 
product of the ammeter and voltmeter readings. The power 
appears in the form of heat production. 

Power in inductive circuit : An alternating emf E^sinpl 
drives a current igcospt through an inductance. The power 
consumed in the inductance is given by 

P=E‘i=E„sin pt. i„cospt= E^i^ sinpt cospt 
or P = \ EJo sin lot 

Average value of P over a complete cycle is therefore zero. 
Hence the flow of alternating current through an inductance 
causes no power dissipation inside it. 

WATTLESS CURRENT : At alternating current flowing 
through an inductance causes the creation of a magnetic field. 
Work has to be done for this and the circuit supplies positive 
power. This goes on till the current reaches it maximum value. 
The power absorbed so far is ^EJo- After one-quarter 
period, the current and the magnetic field diminishes. This 
involves a supply of power by the coil to the circuit i.e. the 
power is negative. Thus when the magnetic field is zero again, 
the total work is zero. Consequently the average power is 
zero. During the first and third quarters i.e. during growth 
of current energy is supplied by the source to the coil (for 
establishing a flux) but in the second and fourth quarters i.e. 
during decay of current an equal amount af energy is returned 
by the coil (during withdrawal of flux). Thus the total 
energy supplied in a cycle is zero. Current flows to-and-fro 
in the circuit but on the average no work is obtained in the 
process. Such a current is known as wattless current. It 
may be noted that if there be a secondary linked with the coil, 
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the condition becomes different and the current through the 
coil no longer remains wattless. 

CHOKE COIL : A coil having inductance offers resistance 
to the flow of alternating current through it. So an inductance 
may be used to control the alternating current. An inductance 
used as such is called a choke. Ohmic resistors used to 
reduce the current in a circuit causes dissipation of energy in 
the form of heat in the coil. Such useless production of 
energy can be avoided in an A.C. circuit by using an inductance 
in series with the source and the appli^ce using electric 
current. It would control the current as may be necessary 
but would consume no energy within itself excepting hysteresis 
loss if the inductance has an iron core. Since the inductive 
reactance is given by the product of inductance and frequency 
(Xi =Lp) inductive resistances used for control of current are 
distinguished as high frequency and low frequency chokes. 

Power in L-R<C circnit : If a sinusoidal emf EoSin pt be 
applied to a circuit having impedance, the current is obtained 

( V ^ V 

^ -C |. A phase 



Fig 711 

difference exists between the applied emf and the current 
produced. In such a circuit power is given by 
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P=EoSin pt ioSin(j)t—4>) 
or P—Eoio [ sin'^pt cos<f>—sin pt cos pt cos<l> ] 
or P=Eoio [ sin*pt sin 2pt cos<f> ] 

The nature of variation of emf, current and power in L-R-C 
circuit with time is shown in the diagram (Fig. 7'11). 

Average power over a complete cycle is obtained as 
p = E^io [ I cos^—0 ] 


or 

or 


P = 


.-7o ^ 


V2 V2 

P = virtual volts x virtual amperes x cos^ 


This gives the true power absorbed. The magnitude of power 
obtained by taking the product of ammeter and voltmeter 
readings (giving the virtual values) is the apparent power. The 
ratio of these two is called the power factor. 


Power factor =cos </> 

Apparent power 


R 

Z 


WATTLESS COMPONENT : Let the amplitudes of 

current /„ and voltage E„ be 
represented in a vector diagram 
A by straight lines OA and OB respec- 
tively inclined mutually at an angle 
4>, the phase difference. Let the 
current represented by OA be 
resolved along OB and at right 
angles to it. Let OD and OC be 
the components respectively of 
magnitudes ioCos(f> and iosin 

To obtain the power due to the 
two components we are to consider the scalar product of the 
cm/ and the relevant component. The scalar product of Eg 
and ioSin<f> is zero, since they are at right angles. So this 
component contributes nothing to the power consumption. 
Hence it is called wattless or reactive component. The other 
component i^cosift acting in the same line as Eo consumes a 
power EJ„co54> and this is the active or wattful component. 
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POWER FACTOR IN DIFFERENT CIRCUITS : Power 
factor will be different in circuits having different components. 

In any circuit power factor and hence cos<^ depends 

upon Z, the impedance and i?, the resistance. 

In inductive resistor coils the impedance Z=\/L^p^+R^. 

So ^ -- 

In capacitative circuits the phase-lead of the current over 
the emf is njl and as such the power should be zero. But 
imperfect capacitance always brings in some loss of energy. 
The imperfection is due to bad insulation, heating effects in 
the leads and plates and dielectric absorption. In such a case 
the energy loss is considered by introducing an equivalent 
resistance. If the total resistance (considering the external 
resistance and the equivalent resistance) be R and capacitance 
be C, then 

Z-VF+(5 F, hence 

If R® be negligible in presence of then coi<t> — CPR. 

If L-R-C series circuit, the impedance is given by 


Z = VR‘ + (Lp-r-J\ hence 



R 

V^^+(xl-Xc)^ 


ILLUSTRATIVE EXAMPLES 

1. An arc lamp works at 50 volts and consumes 10 amperes. 
If it is run by 200volt 50 cycle A.C. supply, calculate the 
value of the choke to be inserted in the circuit. 

Solution: Resistance of the arc =^ 0 = 5 ohms. 




234 


CimR£NT ELECTRICITY 


Hence L*/>*+i?»=400 

or Z,«p2=400-/?* = 400-25 = 375 
or Lp=19‘3 ohm 

So L=--L ^ 1 ^ =-^^^^-=0061 henry. 

27rx50 314 

2. An alternating emf of 200 volts (r,m.s, value) at 50 c.p.s. 
is applied to a circuit containing a resistance of 40 ohms in series 
with an inductance of O’l henry. Calculate the power consump- 
tion and the potential drops along the resistor and the inductance. 

Solution: Impedance Z=v'-R*+i”p* 

= ^40* +(^ 50 X TT X 0- 1)» 
or Z= 50*86 ohms. 



200 

50-86 


=3*93 amps. 


FB=.Ri=40x3 93=157-2 volts 
Fi = Lp/=31-4x 3-93= 123-4 volts 



40 

50-86 


=0-78 


P =£'«C(; 5 ^= 200x3-93x0-78 = 613-08 watts. 

3. A capacitance of 500 nF is in series with a resistance 
of 20 ohms. Calculate the current and power factor when a 
200- volt-50 cycle A.C. supply is applied. 

Solution : P=2»r/=2jTX50 = 314 

1 iQe 

Reactance Zo = 77 - = ^ = 6-36 ohms. 

Cp 500x314 

Impedance Z=\/20»+(6-^=25-37 ohms, 

Current i =—=.,^^=7-88 amps 
Z 25-37 ^ 

Power factor cosi =- = 7r^s=0'788 
^ Z 25-37 

4. Calculate the reactance of the coil which takes 2 amperes 
with an applied emf of 10 volts at a power factor of 0'8. 

Solution: i=%, so Z=-~=^=5 ohms. 

Z i 2 
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Again cos<f>=~, so R—Z cos <f>= 5 y.O'i= 4 ohms 

Reactance X= y/z^—R^ “ ■v/5*-4* = 3 ohm. 

5. Two mills have a total load of 400 ampers at a power 
factor of O' 6 (lagging) when they are connected with the same 
A.C. supply. If one of them consumes 250 ampers at power 
factor of 0‘8 (lagging), calculate the load and the power 
factor of the other. 

Solution: Total load i =400 amps, coj ^=0*6 
Active component i cos <^=400x0*6 = 240 amp. 

Wattless component i sin <^=400v'7II^^Ja'^=400 x 0*8 

=320 amp. 

For one mill = 250 amp., cos ^i = 0*8 
Active component i^ cos <^^ = 250 x 0*8 = 200 amp. 

Wattless component sm <f>j^ =250 x 0*6 =150 amp. 

For the other mill, i^ cos<f>^ = i cos<f>—i^ cos^i=240— 200 

= 40 amp 

and I'a sin(f>^ = i sin<l>—i^ .w’n^j^=320- 150 

= 170 amp 

»s = *\//*“ cos’‘<f>,,+i^* sm‘~cf^ = V'40‘ + n 0 » = 211-9 amp 
/j cos^, = 40, so cos<^2 = 

2 

6. A circuit consisting of an inductance - henry and a resis- 

TT 

tance of 103 ohms is connected to A.C. supply of 225volt-50 
cycle. Calculate the power consumed and power factor. 

Solution : Lp = 27t. 50.? = 200 ohms. 

TT 

i?=103 ohms. 

Z=V^M^*P^=V2W®TI^ = 225 ohms 
F 9'?'? 

Current i= — =^2^_=1 amp. 

Power factor 

Power=£'/ cos0=225 x 1 x 0*46= 103*50 watts. 
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VII-7. ELECTRICAL RESONANCE IN SERIES CIRCUIT 

Condition for maximam current : When a source of alter- 
nating emf of pulsatance p is connected across a circuit 
containing a resistance R, a capacitance C and an inductance 
L in series, the impedance is given by 


Z=V R^+(Xt,-Xc)^=\/ 1 1 “ 


The phase angle by which the applied emf leads the current 


is given by <f>—tan' 


L R 


Cp 


]■ 


If Lp> (f) is positive and the voltage leads the current. 
Cp 

But if on the other handL;? <4r ^ ^ becomes negative and the 

Cp 

voltage lags behind the current. Further if Lp=^ i.e. Xij= 

Cp 

Xcy Z becomes equal to R. The circuit then effectively behaves 
as a purely resistive circuit. This condition is known as 
resonance. At resonance the impedance Z is minimum and 
the current is in phase with the emf and its magnitude is 
maximum being obtained as i==Eo sin ptjR. It is the value 
of the current that would have been obtained in absence of 
L and C. The condition for maximum current or current 
resonance^ as it is called, is 




I.e. p- 


Vlc 


or p^LC—\. 


This condition may otherwise be stated that for resonance 


the frequency of the applied emf should be /=^=x — 7 =- 

ZTT ZtTV 


It is interesting to find that the natural frequency of an oscilla- 
tory circuit formed by an inductance L and capacitance C is 

also - — (§ Vl-3). Thus in L-R-C circuit current resonance 
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occurs if the frequency of the applied emf is equal to the 
natural frequency of the corresponding {L-~C) circuit. 

At resonance the voltage at the ends of the inductance (F^) 
is equal and opposite to that 
between the capacitor plates (F^). 

Since these are in opposite phase 
they always mutually cancel one 
another and as such they have no 
effect on the current in the circuit. 

For a resonant circuit (in which 
Xi^ = Xc) the current falls off with 
the deviation of the frequency of 
the applied emf from the natural 
frequency of the circuit. The res- 
ponse of the circuit to the applied emf being thus predominantly 
confined to a particular frequency, the circuit may be said 
to possess selective property. For this property such a circuit 
is called an acceptor circuit relating to a particular frequency. 
If the applied emf has a frequency other than the natural 
frequency of the circuit the impedance becomes considerably 
high so that the current falls to a low value. If the applied 
emf instead of having a single frequency is a complex one 
containing emfs of different frequencies, then a particular L-R-C 
circuit will give maximum response to the emf having the 
resonant frequency. In other words, the current produced 
in the circuit will be prominently of resonant frequency of the 
circuit. This is known as selectivity. 

VOLTAGE MAGNIFICATION ; At resonance the applied 
effective emf E = This is so because the potential 

drops across the inductance and the capacitance being in 
anti-phase cancel each other. The applied emf overcomes 
only the ohmic resistance. The voltage at the ends of either 
inductance or capacitance is obtained in a magnified condition 
i.e. many times greater than the applied emf. The ratio of 
the potential drop across the inductance (which is same aS 
that across the capacitance) and the applied emf is called the 
magnification denoted as quality or Q-factor. Hence 
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n P- E). across the inductance 

g-factor = — 3 j: 

Applied emf 

__ Lpir,m,8, Lp 

Rir,m.8. R 

e-,l4- i- 

As expressed by LpjR, g-factor becomes the ratio of 
pulsatance p and the damping factor RjL or it is the ratio of 
reactance (of any component Zp or l/Cp) and the resistance. 
So for high value of g, the circuit should have small resistance 
(R) and high value of ratio LjC. It may be noted that this 
magnified voltage docs not cause any increase in power. It has 
no resultant effect on the circuit and exists individually and 
may reach values so as to cause damage to insulation. Hence 
resonance is to be avoided in industrial power circuits. On the 
other hand, it has important applications in radio circuits. 

SHARPNESS OF RESONANCE : Resonance is said to 

be sharp when a slight deviation 
of the frequency of the applied 
emf from the resonant frequency 
of the circuit makes the current 
very low. Such sharpness depends 
upon the resistance of the circuit. 
For low values of R, the reso- 
nance becomes sharp, the selec- 
tivity is prominent. But for 
higher values of /?, the response 
becomes flat over a wide range 
of frequencies and there is small 
variation of current with the 
deviation from resonant condi- 
tion. The behaviour is shown in frequency-current curves. 
(Fig. 7-14-a). 

Condition favooring sharp resonance may be realised from 
consideration of power dissipation. Let io and i be respectively 
the current amplitudes at the resonant frequency p and at any 



Fig. 7’14-a 
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other frequency (p+8/i), slightly greater or less than p, 8p 
may be either positive or negative. We have for resonance 


_ a 

in ~ ' 


£■2 




-V 

Cp) 


sm« Lp=^ 


For the other frequency slightly different we shall have 
^ 

Now i(p+8rt 


=Lp+L.Bp — L 

^ Cp^Cp^ 

=2L.8p, since Lp=-^ 
Cp 

Bp 

'p ' Cp 


Bp 


Hence 




and . -±. = L.Sp 


Since power dissipation is proportional to the square of 
current, therefore 


io^ ^ ^ , 4L^BpJ^ 

,a p + 


Pp and P are the relevant 
power absorptions. Let us consider 
the case where this ratio of power 
absorption is halved due to a 
particular change Bp in frequency. 

So we may write, 

1 + -2 

Hence 8p=-^ 

2L 

Sharpness of resonance is deter- 
mined by smallness of value of Bp. 
Hence smaller the quantity RJL i.e. 
the damping coefficient, the sharper is 



Fig. 7-14-b 
the resonance. 
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Again, 2 (Q-factor) 

For better selectivity the ratio LjR should be large. Further, 
from the above equation the Q-factor may be defined as the 
ratio of the resonant frequency and the interval separating 
‘half-power’ frequencies on either side. 

Pass-band of a resonant circuit : For sharp resonance, 
the peak of the curve should be sharp. When R=0, the 
circuit has the extreme selectivity, allowing the current of one 
particular frequency to pass, the impedance to all other 
frequencies becomes infinite. When R^O, the circuit allows 
cuirent within a range of frequency, depending on the sharp- 
ness of the peak. This range of frequency is called the 
Pass-band of the resonant circuit. 


Condition for maximum voltage : Tn a series L-R-C circuit 
the equation p=\l\/T^ determines the condition for the 
maximum current. The condition for maximum voltage in the 
capacitance or at the ends of the inductance is not the same 
as that for maximum current. The voltage in the capacitance 
is given by 


V, = LX, =- 


EAlCp 




or 


Vo 


E" 

R^C^p^ + (p^LC—iy 


For to be maximum, the denominator of the above 
expression should be minimum. Denoting this as >■, we consider 
the variation of y with C 

y=R^C^p^+{p^LC—l)^ 


For y to be maximum or minimum,^ - 0, 


or ^=2CR^p* + 2{p^LC- 1) p^L==Q 

It is found that =2/iV’*+2(p®Z-)® is positive 
dC^ 
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Hence C/?*/>*+(p*LC—l)p*L=0 corresponds to a mini- 
mum value of y. Hence the condition for maximum voltage 
drop in the capacitance in a series circuit is obtained as 

_ X* n — ^ 

~ VLC—R’^IL^' 


It may be observed that this is different from the condition 
for maximum current (sometimes called current resonance) 
represented as C=l/Z-p* or p=l/LC. The two conditions 
become identical when i?=0.. 

By a similar treatment the condition for maximum voltage * 
(sometimes called voltage resonance) at the ends of inductance 
may be obtained as 


+ or p = 


1 


Vlc-c^r^ 


This also reduces to L= or p when i?=0. 

Cp^ Vlc 


It should be noted that series resonance causes magnification 
of voltage at the ends of inductance or capacitance in relation 
to applied ewfi hence series resonance is called voltage 
resonance as distinguished from parallel resonance which 
causes current magnification and as such called current 
resonance. 


VII- 8. PARALLEL RESONANCE 

Rejector circuit ; When an inductance L of negligible 
resistance and a capacitance C are connected in parallel to an 
A.C. source, the current in the inductive branch lags and that 
in the capacitor branch leads the emf by nil and these are 
therefore in phase opposition and so the total current is the 
difference of the current in the two branches {ir=h '^^c)- is 
either lagging or leading depending on the magnitude of 
reactances of the two branches. If under any condition the 
currents in the two branches are equal, the external current 

C.E.— 16 
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becomes zero. In such a state though the source exists it does 
_ not send any current nor does 

£.sinpt it supply any energy. The 

current in the closed circuit 

0 000 000 comprising of the inductance 

j jC and the capacitance if once 

initiated continues to oscillate 

g at its natural pulsatance, i.e. 

. P=^IVlC- Since there is no 

dissipation of energy in the 

process no further energy from 

source need be forthcoming. For this ideal state of affairs 
the the condition to be satisfied is given by 

or 

Lp HCp 


Vlc 


or frequency / = 


2w\/ ic 


This equation shows that the frequency (/) of the impressed emf 
should be equal to the natural frequency of the circuit. 



In such an arrangement the external 
circuit impedance (Zo) is maximum for 
the particular frequency as shown 



That the equivalent impedance of 
the external circuit is infinite at reso- 
nance may also be realised by consi- 
dering that Xi and Xc are in parallel 
in the circuit and these are equivalent to 

Zo = is negative) 


Fig. 716 
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Since X X Q Lp —p^ — 0, hence — oo 
Cp 

For the resonant frequency the external circuit current is 
minimum. Such a circuit is called a rejector circuit for the 
emf of appropriate frequency. The fact may be used to filter 
out or reject the current of particular frequency. 

PRACTICAL REJECTOR CIRCUIT : ‘In practice, because 
of the existence of some resistance, however small, in the 
inductance, there is some dissipation of energy and to main- 
tain the oscillations energy must be drawn from the source. 
The current in the inductive branch (consisting of L and R) 
lags the emf by an angle (<^< 77 / 2). The total current ij- 
represented as ir==(i 2 >+*/?)+ic= 0 ;^ +>c) is minimum at reso- 
nance but it is never zero and it is in phase with the applied 
emf Resonance occurs when ii,=icy these two are 

mutually opposite in phase, so at resonance (s®® 

Fig. 7* 17b). 



Considering and as the currents in inductance proper 
and in the inductive branch (concerning and R) 

L = *2. + */? 

and ii^=iz -5^ <l> and iR = iz cos (see Fig. 7*17c) at resonance 
= h sin 

But if Z is the impedance of the inductive branch, 

= and sin ^ ^ (Fig- 717d), so | 

Again io = — » and since at resonance 

A c 
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or = Z« 

or Lp. ^ 

Cp 


or 

or 






^ 

LC L» 


So the resonant frequency when there is resistance in the 
inductive circuit is given by 



It* 


It is slightly less than the natural frequency of the pure 
L*C circuit. 


Further, at resonance ig=iT=iigCos4> 


or 




= £3 

ZZ 


ER 

Z* 


r p ' 72 ^2 

Impedance of the circuit Zo= . = - ' = — 

jj* R 


or ^ It + ‘-V 


when p= 


Vlc' 


Z,C/? CR 


If R is small, Zo = (nearly) 

c/t 


1 


Also the condition p= ^ may be regarded as resonance 
\fLC 


condition when R is small. So Zg is the impedance of the 
entire circuit at resonance and it is of non-inductive nature, 
since the current rV is in phase with the applied emf. Zt is 
proportional to 1 \R, where R is the actual ohmic resistance 
in the inductive branch. Zg is called the dynamic resistance 
of the circuit. 
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CURRENT MAGNIFICATION : The peak value of the 
current from the supply source at resonance is called the 
make-up current and if E, be the peak voltage, the make-up 
current is given by 

E^_ Eo ^EoCR 
Zo LiCR L 

The peak value of the oscillatory current in the L-C 
circuit, considering that in the capacitor branch, we get 
ie=EoCp. Thus the 0-factor considered in this case as the 
current magnification is obtained as 

O-factor — current _ E^Cp _Lp 

make up current E^CRjL R 

The current in the closed L-C circuit is many times 
greater (in the ratio LpIR) than the external circuit current and 
hence parallel resonance is distinguished as current resonance. 

It may be noted that the parallel rejector circuit at reso- 
nance shows current-magnification (in the capacitor or induc- 
tance) whereas the series acceptor circuit at resonance shows 
voltage magnification in the same ratio. It is for this differ- 
ence in behaviour so far as the magnification effects are 
concerned the series and parallel resonances are distinguished 
as voltage and current resonances respectively. 

Note : A confusion may arise regarding the terms voltage 
and current resonances. When these terms are used exclu- 
sively regarding series resonance, these have significances 
different from the case where the two are used to distinguish 
between series and parallel resonances. 

In series resonance maximum current (current resonance) 
is obtained under a condition (regarding values of L, C, R) 
different from that for maximum (magnified) voltage (voltage 
resonance). 

Again since in series resonance (in acceptor circuit) there 
is magnification of voltage at the capacitance or inductance 
this is called voltage resonance. On the other hand in para- 
llel resonance (in rejector circuit) there is magnification of 
current in L-C circuit, so this is called current resonance. 
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ILLUSTRATIVE EXAMPLES 


I. Find the resonant frequency of an acceptor circuit 
consisting of an inductance of O’OS henry in series with a capa- 
citor of 20 fiF and resistance 10 ohms. Calculate the potential 
drop across the condenser and obtain the Q-factor. The supply 
voltage is 50 with appropriate frequency for resonance. 


Solution : 


f= 


1 


1 


2n^/LC 2jr V20 X 10' « X 0'05 


= = 160 c.p.s. 


■^c=-^i,=27i/L=2wX 160x0‘05=50'24 ohms. 


Z=i?= 10 ohms, hence i=^=j^=5amps 
Vl = yc= fA'c=5 X 50-24=251-20 volts 


g-factor =-^ 
E 


251-20 

50 


This shows that the voltage magnification is 5 times. 

1-A. In the foregoing example if the resistance and induc- 
tance are included in the same coil, calculate the potential 
drop across the coil. 

Solution : In this case > Vq, because in this circuit the 
p.d. at the ends of the coil is the vector sum of the reactive and 
ohmic components of the p.d. 

iZ= iVZ 2 .»+/?* = 5V(50-24)*+10^ -256 volts 

2, Obtain the voltage magnification at the terminals of a 
choke coil having an inductance O' 4 henry and resistance 5 ohms 
in series with a capacitor of 10 /iF when an emf of 200 volts 
is applied at the resonant frequency. 

Solution : f = = — s — /, , = 80 c.p.s. 

2■^^/ LC 2»r\/ 0-4 X 10 X 10" ® 


Current / = ^ = 40 amperes 
K 

Xc=Xi, = 2irfx0-4=20l ohms 
P, = I - 20 1 X 40 = 8040 volts 

Voltage magnification is =40-2 
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5. Find the resonant frequency of the rejector circuit 
having a capacitance of 10 fiF In parallel with a coil of inductance 
2*5 henry and 300 ohms resistance. Calculate the line current 
at resonance when a 30-volt supply is applied at resonant 
frequency. 


Solution : 


- I 1 R» 110® 300» 
P~M -^25 ( 2 * 5 )® 

/= ^=19*1 cycles per second. 


120 


i.j‘—“igCosj> 


. R_ER_ 50x300 
“Z z» L*p‘+R». 


_ 15x10® _15X10»_5 

^ (2*5xl20)®+300» 18x10® 6 


yiI-9. COMBINATION OF IMPEDANCES 

Vector form of Kirchhoff’s laws ; The two laws regarding 
the distribution of current in a network are also applicable 
to alternating currents of same sinusoidal wave form and 
pulsatance in the modified forms stated below. 

First Law : In any network of conductors carrying alter- 
nating current the vector sum of the current vectors meeting at 
a point is zero. 

Second Law : In any closed circuit in a network of con- 
ductors the vector sum of the vectors representing the potential 
drops is equal to the vector sum of the electromotive forces. 

Impedances in series : Let the impedances Z,^, Z„ Zg,*-- 
be joined in series. Then if i be the current vector when the 
applied voltage is £, we have 

E = Zji+Zgi+Zgi+ 

If Z be the equivalent vector operator for impedances, 
then E=Zi, hence 

Z=Zi-,-Zjj+Zg + 

Impedances in parallel : Let the impedances Z^, Z,, Z, ••• 
be joined in parallel and let Ig, ig, ig be the current 
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vectors in them respectively. Tf E be the potential vector, this 
will be same at the ends of each impedance, hence- 

E=Ziii = Zjl j = Zjis 


So ii = 


E 


i.= 


E 




JL 

z. 


Z/ * Z3 

If Z be the equivalent impedance operator E=Zi and 

l=ii + la+*3+ ^ 

E_E,E,E, 

DOa _ — — -1— ~T" ••• ••• 

Z Zi Z, Zg 

He.ce 

The reciprocal of impedance is called admittance. Denoting 
it by Y 

Y=Y,+Y2+Yg+ 


ADMITTANCE AND ITS COMPONENTS: Just as 
impedance has two components, resistance and reactance, so 
also has the admittance. These components are conductance 
and susceptance, indicated by g and b respectively. Just as 
vector sum of X and R is obtained by drawing the impedance 
triangle, admittance triangle gives the relationship involved 
in g, b and Y. From the triangles shown in Fig. 7-18, 



h Y 

■Expressions for g and b : Since _ 

A* _ A* 

X^+R* 


!.*_ rf.« 1 -1 

( +g Z* 
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Again, 


Hence b= 

Z* 


(.a 




I 




or = R^. 

X^+R’‘ Z®.Za Z*, 

D 

Hence g= ,:;r' 


ILLUSTRATIVE EXAMPLES 

i. 200-ohm resistance coil has in parallel an inductance 
of 4 lit henry. The combination is connected to a 200-volt (r.m.s.) 
at 50-cycle supply. Draw a vector diagram showing the 
distribution and calculate the currents. 

Solution : In the vector diagram OE represents the supply 
voltage. The current in the resistor 
ig is in phase with the voltage and 
so it is represented by OA in the 
same direction as OE. The current 
in the inductance is 7r/2 behind the 
applied emf and is represented by 
OB in a clockwise direction from 
and at right angles to OE. Vector 
OC represents the supply current. 

Lp = — x27rx 50=400 ohms 

TT 

.• - 200 . 

‘200 ^ 

ii= = 0’5 amp. 

^ 400 

Vig* +it,*=Vl’‘ +{0 amps. 

The main current lags the emf hy tan"^^-^^^ =26®'6. 
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2. Two coils, one of resistance 8 ohms and inductance 0'019t 
henry and the other of resistance 9 ohms and inductance 0'0382 
henry, are arranged in parallel circuit with a supply of 100 volt-50 
cycle. Find the current in the circuit. 

Solution : Such problems may be solved by different 
methods. These are shown separately. 

Relevant data are obtained as shown. 

In the branch-1, i?i = 8 13, L=0 0191 H, £=100 volts 
=Li;?= 00191 X 2 X 3-14 X 50= 6 12 

In the branch-2, R^ = 9 13, Z,=0‘0382 H 
X^=L^p=0-0381xly.yUxS0=\2 Q 

Z,= v'^7+^= V9»+T2^=1513 
(a) SOLUTION BY SYMBOLIC METHOD : 

Applying / = 

, 100 100(8-6j) , 

'* SW — Si+F* 

Hence i\= -v/8^-f6* =10 amps. 

Phase = tan'^ (f) = 36°’9 (lagging) 

. _ 100 _ 100(9-127) _ .16. 

■ 9+12/ 9* + 12* “ 3^ 

Hence ia=V4“+(-^)* = 6’6 amps. 

Phase ^,=tan (M) = 53°T (lagging) 

Total current i=ii+»,=(8-6y)+(4— V-;)== 12— W 

Hence i= ■\/12*+(V)®=16'7 amps. 

Phase 4) = tan-^(ii) = 43'’-3 (lagging) 
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(b) SOLUTION BY METHOD OF RESOLUTION : The 
branch currents and their phases are obtained by methods 
shown in (a). These currents are resolved along the direction 
of emf (active component) and at right angles to it (reactive 
component). 

Active components = cos(f> ^ cos<l > , = i cos4> 

or i cos<j> = lOxcoj 36°‘9+6'6 xco 5 53°'l 
or / = 10 X 0-7997+ 6-6 X 0-6004= 11-959 

Reactive components = i^sin <l>g=i sin<f> 

or i sin<l> = lOxiin 36°-9+6-6x5/« 53°-l 
or ism<f> = 10 x 0-6004+ 6-6 x 0-7997=11-282 
Main current i = y/i^cos*<f>+i ® sin "<f> — \7(rr959) » + ( 1 1-282)* 
or i = 16 7 amps. 

Pte ^ = <«»->[;-;||-]-43-3(lagging) 

This method applies for any number of branches in parallel. 


(c) SOLUTION BY ADMITTANCE METHOD ; Applying 


^ h- 


and we get 

l"i = 'v'^i®+6i®= v'(‘08)*+(06)*=0-1 mho. 
Hence = 100 x 01 = 10 amps. 

tan <^^=PjL=% whence ^i=36°-9 
Sx ^ 

= 0-053 mho 


Z*' 


= V( 04)* +(-053)* =0-066 ohm 
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Hence = lOOxO'066 = 6*6 amps. 

Total conductance g = gi+g* = 0‘12 mho 
Total susceptance b — = 0‘113 mho 

Total admittance Y = = 0*167 mho 

Total current i = lOOF = 16*7 amps. 

Phase ^ O^SSUtg) 

(d) SOLUTION BY IMPEDANCE METHOD : 

Applying i = - , 

Z 

«\ = | = 10 amps, ^,=m«->(6) = 36-*9 

'■a=|- =[y = 6*6 amps, <l>,^tan-^{^\=53‘-l 

or i=v'l0»+(6*6)’“4-2.10.6“6"cos 16‘’"2 = 16*7 amps. 

<f,=,an-‘\:-L f ^ 6°*4+36'*9 

or ^=43°*3 (lagging) 

3. What voltage should be applied to produce a total 
current of 4 amperes in two coils in parallel, the coils having the 
following specifications. 

(i) Ri=3 ohms, Xi=4 ohms (ii) Jig =6 ohms, Ya = 8 ohms. 
Solution by Method-1: Zi = 'v/jRi®+-^i®=V3*+4® = 5 ohms. 

( I ) = 36-9 

2a=Vjia‘'+Yg*=\/6'^+8* = 10 ohms. 
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The currents in the two branches are in phase. 

E E 

Since ^ 1=^4 so total current i=ii+i 4 == — 

Zi Zg 


or 

II 

+ 

3E 

10 




or 

F=^= 13*33 volts 

• 



Solution by Method-2 : 





Conductance 

g = 

SI 


_ 3 

3 

*0*12 




4*+3» 

32 

Conductance 

g =^ = 

Ro 

6 

= -^ = 0*06 


0 2 72 


8»+6® 

100 



Total conductance ^=gi +52 = 0 12+0*06=018 mho 


Susceptance 6 i= =0*16 

I Zg® 25 

Susceptance 6 j = ^s_ = -_^=0*08 

Total susceptance ^>=^ 1 +i»s=016+0*8=0*24 mho 

Total admittance Y = Vg^+b^ = 'v/(0-18)»+(0*24)» = 0*3 mho 

Voltage £=-p=^^= 13*33 volts. 

4. A circuit consists of three branches is parallel having 
the following specifications : 

(i) /ti=12ohms, Li=0 0159 herry (ii) = 5 o hm s, 
Cj= 100 /iF (iii) F 3 = 10 ohms. 

Find the total current and the phase angle when the supply 
voltage is 200 V-50 cycle. 

Solution by Method-1 : 

(i) R^ = 12S1, Fi^=0*0159 H, X^ = L^p=0 \59xiU=S Q 
Zi = v'12* + 5* = 13 Q 




200 


i=-jg- =15*4, =14*21, ««^x = 5*9. 
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(ii) /?a = 5fi, C=100xl0-«F, 

1 10 “ 

Cp 


= -31-84 fi 


314x100 
Z, = V5a+(31-84)»=32-2 Q 


/j cos^2 = 0y64 and sm<t>^ ——6'\A 
200 

(iii) = 10 Q, I3 = Jo = 20 amp, coj^a = 1. = 0 

i C0J^=JiC05</>i + /aCW^2 -\-hCOS<l>i 
= 14-26+0-964+20=35-174 

i si/i^=ii««<^i+/a5/n^2+/sSirt<^8=5‘9— 6'14= — 0'24 
Hence i=V(35 174)*+(0-24)® = 35-2 amp. 

<f)-tan-^^ (current leading) 


Solution by method-2 : 

(i) i?i = 12 2^1 =Lp=0 0159x 314=5 i? 

Zi =i?i +72^1 = 12+57 ohms 


So 

or 


. _ 200 200(12-57) _200 

12+57 ■ 12» + 5“ 169 

j\ = 14-2-5-97 


(12-57) 


(ii) 7?a = 5i2, X^ = —jlCp— 


-i2V 

31400 


-31-84y 


Za = 5-31-847 
200 

'“~5-3r847 


200(5+31-84/) 

1038 


= 1+6-147 amp 


(iii) /?, = 10i2, jj 


200 
' 10 


=20 amps. 


Total current /=/i+ia+i8= 14-2— 5-9/+ l+6-14j+20 
or 1=35-2 + 0-24/ 

Magnitude of i = V(35-2)*+(0-24)» = 35-2 amp. 

Phase ^ = /an-‘ [^j=0"-4 

(current leads since /'component is positive 
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5. A 200 volt-50 cycle supply is connected across a series 
circuit cotaining on inductive resistance of 05 henry and 10 
ohms, a condenser of 100 pF capacitance and an ohmic resistance 
of 5 ohms. Calculate the current and the potential drop across 
the inductive resistance coil. 


Solution : Impedance Z= J + (l/j- ’ 

So Z=J(lO+5)*‘ + (314xO-5- 
or Z=-v/ 15*+(16‘14)“=22‘3 ohms. 

Hence i= (nearly) 


Impedance of the inductive coil Zi = ■\/10®+(15'7)“ = 18‘6 ohms 
P.D. across Zi=/Z^=9x 18‘6=167’4 volts 

) = 5r*5 Gagging) 


6. Two inductive resistance coils are connected in series with 
a supply of A,C. whose peak-voltage is 353*5 volts at 50 c,p,s. 
If one coil has 5 ohms ri\sistance and 0*03 henry inductance 
and the other coil 6 ohm^ resistance and 0*0241 henry inductance^ 
calculate the effective current through the coils ^ the total power 
consumed and the phase angle. 

What additional component will make the current maximum ? 

Solution : = 0 03x277x50=9*43 £3 

R^=6 A", =0*024 X 277X50=7*57 Q 

R=.R^ + R^ = n £2, X=X^+X^=ll £2 
Z=\/l 1® + 17* = 20 £2 

tan <l>=j=~, <t> =5r-2 
cos = 0-5417 


R.M.S. value of emf E=J^=}^1= 250 volts 

V2 V2 
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Eflfective current i= 


£ 

Z 


12-5 amps. 


Power consumed P= Ei cos <f>=250 x 12'5 x 0*54 
or P=1687‘5 watts. 

A capacitor of such value as to produce resonance joined' 
in series will make the current maximum. 

For resonance Xi=Xc i-e. 17 ohms 

Cp 


Hence C= 


1 


or 


17x100^ 
C=0-0187 farad. 


VlI-10. A.C. BRIDGES 

Wheatstone's net : Let Zg, Zg, Z4 be the impedances 

of the four branches 
indicated in diagram 
(Fig. 7’20). The supply 
is from an A.C. source 
and the detector is 
either a telephone recei- 
ver or a vibration galva- 
nometer. Impedances 
in these two branches 

Let the instantaneous cyc/ic currents in the three meshes 
as shown be i,, io- The current through the detector at any 
instant is i=ii— i^. 

Applying Maxwell’s modified form of Kirchhoff’s law. 
we get 

In the mesh ABD, Ziii+ZgCii— igj-f ZgCii— io)=0 
In the mesh BCD, Z2l2+ZF*(i2— io)+Zs(i2 - ii)=0 
Rearranging terms, 

— Zgio -hCZi-j-Zg-l-ZB) ii — Zgig^O 
and -ZJo-Z5«i+(Z2-t-Z4-f-Zg)i,=0 
For eliminating io, 

—ZgZ4io-\-(Zx-{-Zi+Zg) Z^ii — ZgZ^ij^O 

and -ZgZgio+ZgZgij_-\-(Z,+Zi+Zs)Zti 2 =0 



are respectively Zg and Zg. 
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By subtraction, 

[(Z,+Z3+Z«)Z,+Z«Z3]i^ = [Z,Z,+(Z,+Z,+Z«)Z3]l, 
For no current in the detector ii = i2 
Hence (Zi~i~Zg-i-Zs)Z^-j-Zs-i-Z3 =(Z2 + Z4 + Z5)Z3+Z4Zb 
or ZiZ4=ZaZ3. 

Expressed in the symbolic form 

^3 2ind <^4 being the respective phase angles. 

When the two vector expressions on the two sides are equal, 
they have equal magnitudes and they are coincident in phase. 

The necessary conditions are obtained by equating the real 
and imaginary parts of the above equation, /.e. 

=-- Z2Z3 

and (<l>x + <f>4.) = >^2+^3) 

These are to be satisfied for a balance. 


Owen’s bridge for measurement of self-inductance : The 
bridge is arranged as shown in the diagram (Fig. 7 ' 21 ). L is the 
self-inductance having ohmic resistance r, C3 and C4 are two 


capacitors, and are 

two resistances. 

Applying the condition for 
null in the wheatstone bridge 
when the bridge is balanced 

jy J_ 

+ ^ C^p 

Ri — 7 

C^p 



or - & + •■> + 

C\p C4 ® C3/? 

Equating the real and imaginary parts, we obtain the 
necessary conditions for balance 

L=R^R^C^ and (Rj^+r)C^=R^C^ 

If Ca = C4 = C (say), the two conditions reduce to 
L=CR^R^ and r=/?2""^i 

The two conditions may be satisfied independent of each other. 
The minimum response in the detector should be obtained by 


C.E.— 17 
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varying This should then be reduced by varying Rj_ 
and should be adjusted alternately until the null is obtained. 

This bridge is suitable for measurement of self-inductance 
from a few micro-henries upwards. The sensitivity is very 
high and the balance is independent of frequency and hence 
of the wave form of the applied voltage. 


Maxwell’s bridge for comparison of self-inductances : The 

arrangement is as shown in the diagram (Fig. 7 22). and 

Lg are inductances to 
be compared and and 
r are respectively their 
resistances. 

/^ 2 » ^4 are non-induc- 

tive variable resistances. 
For a balanced bridge 
»<l+jL^p _ (/?g+r)+yLgP 

or RiR^+jLipR4. 

= /? 3/?2 + /?ar+;X2pi?8 



Fig. 7-22 

Equating real and imaginary parts, 

^ and 
R^-\-r R^ 

The bridge is not suitable for practical use since the two 
conditions are not independent of one another. 


Anderson’s bridge for measurement of self-inductance : The 

bridge is not a true wheatstone bridge. The circuit is shown 
in Fig. 7*23. There are four resistances in the four arms as in 


Wheatstone bridge and the 
resistance in one of the 
arms. A condenser C in 
series with a non-inductive 
resistance r is placed in 
parallel with the fourth 
arm resistance R^, 

Let the current in differ- 
ent branches under the null 
condition be as indicated in 


inductance L is in series with the 
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the diagram. Applying Kirchhoff’s law, 

In the mesh ABPD : (R+jLp)ii—ria^Rsia =0 (0 
In the mesh BFP : R^i^—i^ijCp =0 (ii) 

^:^)»8--R*(»2-»s)= 0 (iii) 

Eliminating ig from (ii) and (iii) 

if + -L+RAR^jCpi^ «= RJa (iv) 

\ jcp I 

Eliminating ig from (i) and (ii) 

[R+jLp—jCprRJii = Rgi^ (v) 

Eliminating and /j from (iv) and (v) 
jCpr R^Ra + FgFg+jCp R^RaR^— RiRi-¥jpLRa—jCprR^Ra 
Equating real and imaginary parts, we get 
R±Ra~ R^^s 

and LR^-rR^R^C=rR^R^C+R^R^R^C 
Hence L=CrR^+^^?^-^R^RaC 

or L=CF, [rf l+|a)+/?, j 

The two conditions may be satisfied independently. The 
bridge is adjusted to the balanced condition by alternately 
varying r and The double balance is obtained only by 
adjusting the resistances, the condenser may be a standard 
one of a fixed value. 

Maxwell’s Indnctance-Capacitance bridge : In this arrange- 
ment an inductance is measured in terms of a standard capaci- 
tance and two resistances. Three 
non-inductive resistances are 
taken and are arranged to form 
three arms as R^, R^, R^ (Fig. 

7‘24). The inductance L in 
series with a variable resistance 
J?! is placed in the rem aini ng 
arm. The capacitance C is in 
parallel with R^. The capaci- 
tance is variable. When the 
bridge is balanced, the relation satisfied is 



Fig. 7-24 


In the mesh DFP : ( r+ 
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^i+y^P = J? • / 

’‘ll+J%Cp 

or ^-^+jAP=^(i+jR^Cp) 

i\Q 

or Rj^R^+jLpR^ = RaR^+jR^RaRiCp 


Equating real and imaginary parts, we get 
1 L 




R. 


= CR^ 


Hence L=CR^Ra 


J?, : Rq is kept constant as a simple ratio and is varied 
to obtain a minimum current (in phase) through the detector. 
Then C is varied to obtain a minimum again for quadrature. 
Two or three adjustments may be necessary for final balance. 


de Sauty’s bridge for comparison of capacitances : The 
bridge is a Wheatstone bridge with the modification that the 

resistors in the second and fourth 
arms are replaced by capacitors 
to be compared. When the bridge 
is balanced the condition satis- 
fied should be 

■ ^1 _ jl^zP _ 

Rs -jlCt.P Cj 

The condition is obtained by 
Fig. 7-25 considering the potential drops 

in the circuit. The potential difference between A-B is same 
as that between A-D under null conditions, so 



R\h=R»h 



Rq 

Rx 


Again the potential difference between B-F and that between 
Li-F are equal, so 

or il- “ 

C ^P ^iiP ^4 


Hence 


Rx 

Rs 


C, 

C, 
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For an imperfect condenser^ while considering the impedance 
the capacitance should be considered to be in series with a 
resistance r. If in de Sauty’s bridge the condensers are 
imperfect, the condition for null should be written as, 


or 




Equating real and imaginary parts 
/*4 Rq Cq 


Balance in such a bridge is obtained with diflBculty. 

Schering bridge for comparison of capacitances : The bridge 








I 




T j 


f"# 

i \ rc4 


is arranged as shown in the 
diagram ( Fig. 7*26 ). The 
condenser under test ( C^r) is 
in the first arm and in the 
second and the third arms 
there are respectively the 
resistances and the stan- 
dard condenser Cg. In the 
fourth arm a variable air 
condenser is in parallel with Pig- 7-26 

a variable resistance When the bridge is balanced 
r -\-\/jCp _R^ 

^IJ^sP ^4 

where 

Z4 




L. 


Hence, 

iljCaP 

or r+lljCp—- 


R. 


R, 


i^+JpC.) 


+- 


JRi^sP 

Equating real and imaginary parts, 


= and 4r= 


or 

^ 8^4 ^2 
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To obtain the power factor cos ^ of the condenser C, it 
may be noted that in such a case since r is the leakage 
resistance, as shown in § VII-6, cos (f> = Cpr, so 


C05 <f> 

^3 -^2 


or cos <f> =pC^R^. 


Schering bridge is the most accurate method for determina- 
tion of capacitance relative to a standard capacitor. It is 
used widely for the measurement of dielectric constant specially 
of liquids and for determination of the value of small 
capacitances. 


Campbell bridge for measarement or Mutual Inductance : 

Carey Foster’s D.C. method (§ V-7) for measurement of mutual 

inductance was modified by 
Heydweiller and Campbell as 
an A.C. method. The arrange- 
ment is as shown in the diagram 
^ (Fig. 7*27). Considering the flow 

I of current in different branches 

> 

at a stage when the bridge is 
balanced, we have if M is the 
D mutual inductance, 

at F, i=ii+Js ... (i) 

In the mesh ABD : 

jpMi-jpL^i^ - = 0 ... (ii) 

In the mesh BAF ; ... (iii) 






igS S'-* 

m 1 i» 


Fig. 7-27 


From (ii) 


. _ jpMi 

^ Ra+jpLa 


From (i) i, = i— »i 


_ j pMi 


Substituting for I'l and in (iii) 


JpMi \ 

Ra-^jpLj 


Hx- 


JpMi ^ jpMi 

•«8+/P^s * {Ra+jpLahjCp 


or 


Rx 


jpM 
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or RiR,^+jpLtRx=jpM {R^+R^)^~ 
Equating real and imaginary parts 

RxR^ =P and R^L, = M (R^+R,) 
Hence M = CR^R^ 

and L^ = 


The current-leads from the mutual inductance coils should be 
properly connected to obtain the direction of currents as 
considered. R^ includes the resistance of coil L, which 
should be known and added to the variable resistance in series 
with L^. 


Robinson’s bridge for measurement of A.C. frequency : The 

arrangement is as shown in the circuit diagram (Fig. 7’28). The 


bridge is adjusted for null 
under a condition in which 
the two capacitances are 
equal and the resistances in 
the second and fourth arms 
are in the ratio 1 : 2 i.e. 
RJR^ = 2. 

For the balanced bridge, 
applying the null condition 
in the Wheatstone bridge, 



D 

E 


Fig. 7*28 


Rq-^" 1 IjCp _ Ri — 2 
Zx Ra 

where -4--^^ — HyO? 


Hence iRn+lljCp)(^+jCp ) = 2 
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Equating real and imaginary parts, 

:^-M=2 or ^» = 1 


and 


1 


jCpRr 


jCpRs = 0 


or /.«=- 


1 


C^RxRs 

If R,=R^ = R, p* = 


1 


C»/f» 


or 2./=A, so 


VII-12. TRANSFORMER 

Principle : In the transformer a magnetic circuit is linked 
with two sets of windings, called the primary and the secondary. 
The elements of the scheme are shown in Fig. 7'29. There are 
two types of windings viz., shell type and core type. When one 
of the windings is connected to an A.C. supply, an alternating 
magnetic flux is set up in the iron core. The flux is linked up 
with secondary and hence an alternating emf is induced in it. 
In principle the operation is a case of mutual induction. 



Fig. 7-29 

Action of matnally indnctiTe circuits : In the arrangement 
shown in Fig. 7 29 the entire flux developed in the core is 
embraced both by the primary and the secondary windings. 
Each winding has its own resistance and inductance. The 
applied emf in the primary has to overcome (i) the impedance 
drop in it, (ii) the induced emf in it due to the mutual 
induction caused by variations in the secondary. On the other 
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hand, the induced emf in the secondary is resisted only by the 
impedance drop in it. 

Let the inductance, resistance and total number of turns 
of windings in the primary and the secondary respectively be 
and L,, Let M be mutual inductance of 

the two coils. 

When a current flows through the • primary the flux 
linked with it is and the flux linked with the secon- 

dary is — Hence L.i^lM=NJN^. 

If H be the field inside the core, Ni=iJ-AHni^ and 
N^=iJiAHnt, where A is the area enclosed by each turn of the 
windings and yt, the permeability of the medium comprising 
the core. 


'M~N2 nAHn^ 


Hence 


M=Li^=L,'^ 

«1 



«2 


Let an alternating emf EoCospt be applied to the primary. 
The induced emf leads the current by ff/2 in phase, so the 
primary and the secondary emfs may be expressed as 


Primary m/ E^ = \i{R+jpLf)-]riJpM 
Secondary emf £ 2 = 


or 


j ^ — ypMii 


0 ) 

(ii) 

(iii) 


Hence 


JpM 

Ri+jpLe 


Considering only magnitudes 
i, _ Mp 
«i Vr^<^+p^l\ 


*1 L^P ^8 «2 

In an ideal transformer, there is no loss of energy and 
hence the rate of working should be the same in the two 
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circuits. So the power applied at the primary is equal to the 
power delivered at the secondary, hence 

£1/1 = £2/2 




or = 


The emfs in the two circuits are proportional to the res- 

pective number of turns. This 
is the transformation ratio. 
If the secondary turns are 
greater in number the emf 
produced at the secondary 
is higher than the primary 
applied emf in the same ratio as the number of turns. Such 
contrivance for obtaining an amplified voltage is known as a 
8tep-ap transformer. On the other hand, if the secondary 
turns are less in number than the primary turns, the transformer 
is a step-down transformer converting a high voltage into a 
lower one. 



REFLECTED IMPEDANCE ; The secondary emf causes 
a change in the primary impedance as is shown below. 
Substituting the value of i^ from equation (iii) in equation (i) 




+Jp[Li-Lt. 






)] 


or Ei=ii[£o+7>£o] 
Considering the magnitudes only, 



A. C. CIRCUITS 


267 


In the absence of the secondary, the primary current would 
have been 


= 


So the effect of the secondary is to increase the primary 
resistance and to bring down a fall of Tprimary inductance 
by amounts shown in the following equations. 


R =R + R 


and Lo=Li- 






■L, 


Effect of introducing a condenser in the secondary : If a 
capacitor C is put in series with the secondary coil, the total 
impedance drop in it becomes 

Ej= — pc)] 

—jMp . 

Substituting this value of is in (i) 


or 


or E 


={ \r ■ My/?, . ,J, ^-1 


or Ei=li [ Ro+JpLo ] 
where Rq = i?i+ 


M»p*R^ 


RMpL,-f,y 


and Lo = 
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The apparent decrease is inductance has been somewhat 
compensated for. As shown in the numerator of term the 
amount of dimunition being in place of M‘p^L^ 

is somewhat a smaller quantity. It may noted that dimunition 
depends upon the square of frequency. 

E.M.F. equation of a transformer : Let and be the 

total number of turns in the primary and the secondary 
windings respectively. Let N be the maximum flux linked 
with the windings and / the frequency of supply. Since the 
flux grows from zero to maximum in a time t=l/4/, so 

N 

Average rate of flux change = -=^fN 

Average emf induced in each turn = 4/JV 

Average total emf in /jj turns of secondary is given 
by Ea=4fNnt. 

If each turn encloses an area A and if the field in the core 
of permeability /x be H, then N=nAH, hence 

^2 = ^iJ-fAHn^ 

In a sinusoidal emf, value _ (form factor) 

Average value 

Hence R.M.S. value of the induced emf is obtained as 
.r=4-44fifAHn^ c.g.s. units 

In practical units Er.„^.g. = 4‘44nfAHn^xlO'^ volts 

If N is the total flux, = 4 44/iV«j x 10'® volts 

Leakage and Losses : In practical forms of transformer 
the induced emf does not reach the theoretical value which 
is applicable for an ideal arrangement. For several reasons, 
a transformer cannot, in practice, be made to attain the ideal 
state of perfections. 

MAGNETIC LEAKAGE : The windings of an ideal 
transformer are assumed to possess no impedance. This may 
be true only if the ohmic resistance becomes negligible and 
the reactance is zero. But in practical form of windings 
•reactance arises due to self-induction. In an ideal transformer 
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the flux linked with the primary due to its own current is 
neutralised by the flux produced by the secondary. Hence 
there is no flux linked with the primary exclusively due to its 
own current and hence there is no reactance arising out of 
self-inductance. But this ideal behaviour is not realised in 
practice. There is always some amount of flux which though 
linked with one set of windings avoids linkage with the other 
(Fig. 7’31). This is magnetic 
leakage. There are such fluxes 
for both primary and secondary. 

These fluxes, called leakage flux, 
produce in their respective win- 
dings emfs due to self-inductance 
and causes inductive reactance 
in the circuit. In effect these 
reactances are equivalent to the 
addition of an inductive coil in tenes with each of the wind- 
ings. So a transformer with magnetic leakage is equivalent 
to an ideal transformer with extra inductive coils connected 
separately with both primary and secondary windings. 

COPPER LOSS : The ohmic resistance of the windings 
cause a loss of power. If R be the effective resistance of 
the windings the power loss caused by the heating effect 
due to a current i is Ri^. 



Fig. 7-31 


Again if Rj, and R^ be the ohmic resistances of the primary 
and secondary windings respectively the reflected impedance 
causes the efiective value of the resistance Rj, to rise to 
given by 


Ri = Rp' 






.. R. 


Thus i?i depends somewhat on the frequency of the emf. 
The accompanying diagram (Fig. 7’32) shows an equivalent 
circuit in which the resistance causing copper loss and leakage 
reactance have been taken out of the respective windings. 
The primary and the secondary impedances are given by 
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This impedance causes some drop of voltage in the respec- 
tive windings. If is the input voltage at the primary the 


R X 

— 

— 

R2 X2 

;A/vMiro^ 

M “ "Za" ** ' 

Y' 


:p 

■Ej V, 

j ' 1 






Fig 7*32 

voltage El effective for transformation is given by 
Ex = V,-i,(i?i+7T,)=V-i,Z, 

Similarly for the secondary, the available effective voltage 
Fa is related to the output voltage produced by trans- 
formation as 

Vj=Ea — = — i2^2 

The transformation ralio (n^ : n^) is applicable to (£, : E^) 
and not to (Fi : Fj). 

IMPEDANCE REFERRED TO ONE WINDING: If 
two winding resistances are and , the total number 
of turns rii and and current, and respectively, then 
we have 

= and so 
^2 

Total copper loss= RJi’^+Riia* 

Let us imagine that that the secondary resistance is zero 
and to compensate for this the primary resistance is increased 
to a value indicated by Rj-i- Then for the same loss we 
shall have 

JRt-± called the total resistance referred to the primary. 
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This may be obtained from a different consideration in 
general for a resistance or reactance. Regarding the trans- 
ference of resistance or reactance, we may consider that the 
secondary resistance referred to the primary is that resistance 
which produced the same percentage of potential drop as 
actually takes place in the secondary. 

Consider a transformer with transformation ratio 
A secondary current produces a resistance drop Rji, in a 

resistance R^. A potential drop in the primary 

Hz 

would by transformation cause the same drop R^i^ in the 

secondary. Since so R^-i^--^ =Raii\~ ) • There- 

^2 ^2 '^2 

fore the value of secondary resistance R^ referred to the 
primary is ^ . That is for total resistance referred to 

the primary 

Similarly, Rr-a - J^a + ’ 

which stands for total resistance referred to the secondary. 

Again considering the whole of reactance as being trans- 
ferred to either primary or secondary, we have 

jrr-i = Ar,+ J, [l-y’ and Xr.._ = X^+X^ 

Hence for total impedance similarly referred 

Zr-, = Z,+Z, and Zr., = Z,+Z,{^y 

IRON CORE LOSSES ; These are losses due to hyster- 
esis and eddy current in the core produced by alternating flux. 
Since the core flux is constant practically at all loads, iron 
losses may be regarded to be independent of load. L ami nating 
the core decreases eddy current and use of materials having 
low hysteresis and high electrical resistance, such as silicon 
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Steel reduces both the losses. In an equivalent circuit these two 
are simulated by a pure inductance (Xo) and a non-inductive 
resistance (/?o) connected in parallel across the primary. The 
primary input of the transformer at no load (open secondary 
circuit) measures the core loss. Let / o be the no-load current 
in the primary and cos<f) be the power factor. Then and 

the working and the magnetising components respectively are 
given by i^=iocos(l) and If be the primary 

emf and P the power consumed then 

co 5 ^ = ._^ and Z. = and Ro= ■ 

Elio ifx iw 

EQUIVALENT CIRCUIT : In such a circuit for an im- 
perfect transformer, the resistance and the leakage reactance 
are taken as external to the windings in series both with the 



(o) eig. 7 33 (b) 


primary and the secondary windings. The hysteresis and eddy 
current losses consuming the no-load current is represented 
as current consumed in a pure inductance and a non-inductive 
resistance joined in parallel with the respective windings. The 



Fig. 7*34 


value of the eflFective 
voltage at the 
primary windings 
(taken as ideal) serv- 
ing solely to change 
the value of the emf 
according to turns 


ratio is obtained as the vectorial difference of the applied 


emf and voltage drop iZi. 
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Referring to the total impedance referred to the primary we 
shall have an equivalent circuit as shown in Fig. 7‘34. The 
emf Kg available at the ends of the secondary terminals is 

The values of R 7-1 be directlj^ obtained by short • 

circuiting the secondary windings. In such a case ^2 = 0; 
since the whole of the impedance has been taken outside the'J 
windings being referred to the primary, there cannot be any 
internal drop of voltage. Hence if be the primary voltage 
(applied to a produce a current 1 * 3 ) the whole of it is utilised 
in overcoming the total impedance So 



If the power is measured as Pg, this will be due to copper loss, 
hence 


and = Vzrl\-RT-\- 

EflBciency of a Transformer : The efBciency is measured in 
different ways. The ordinary or the commercial efficiency is 
defined as the ratio of the power output to power in-take in 
watts. 

Efficiency := OuiPHt=_ ^Outpm ^ 

Input Output+ iron and copper losses. 


Efficiency = 


Input— losses losses 

Input Input 


or Efficiency i; = 1 


losses 

Output+losses 


Since efficiency is the ratio of the actual power output to 
power input, it depends upon the power factor as well as the 
load. 

All-day efficiency is measured on energy basis and is 
expressed as 


All-day efficiency = 


Output in K- W hours 
Input in K-W hours 


C.E.— 18 
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It is less than commercial efficiency. The reason lies in the 
fact that core losses go on for the whole day even when 
there is no load. A transformer connected to the line for the 
whole day work indicates less efficiency if the load is not 
continuous. 

CONDITION FOR MAXIMUM EFFICIENCY : Let the 
primary emf, current and resistance be £i, and and the 
similar components for the secondary be F,, R^. The 

power factor is cos<l>. 

Input = EJi cos<f> 

Primary copper loss = RJ^^ 

Secondary copper loss = Rgi'a® 

Total copper loss = Vector sum of RJ^^+R^i^^ 

= Rr-i'i* • 

Rf-i be such as to represent the equivalent primary resis- 
tance producing an equal amount of heating. 

Iron loss = W (constant) 


Efficiency 


In put— losses 
Input 


l osses 

input 


or 


’7 = 1 — 


^‘i ^Rt-\ 
E^ix cos4> 


W 

E^ix cos(f> ' 


For yj to be maximum 


So 


.^r-i ^ 
ExC05<f> 



W 

ix‘ExCos<f> 

or Rt-1- 


=0 

51 


or Rx-x-ii^=^ 

That is, copper loss=iron loss 
Thus the efficiency is maximum when the copper loss is 
equal to the iron loss. 


Ante- transformer : This type of transformer has one 
set of winding only, a part of this forming the secondary is 
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common to primary as well. Its operation is similar to that 
of a two-winding transformer. Since it uses less copper 
it is cheaper but its uses are limited. AB forms the primary 
winding having turns and 
/4C is taken as the secondary 
winding taking turns (ni> 

/la)- The emfs in the two sets 
of the terminals may be obtained 
by considering AB as a choke 
coil with closed magnetic circuit. 

Since each turn is linked by the same flux the voltage drop 
per turn will be constant and therefore if a tapping is taken 
at some intermediate point C, the voltage between A and C 

will be V^ = ^V\, where is the emf applied between /4-5. 

In the case But if the windings are used in the 

reverse way, the primary turns being less than the secondary 
turns, V^>V^. Thus the appliance can be used as a step- 
down or a step-up transformer. The supply current is divided 
in two branches as and i^, being the vector difference of 
i and 

In practice an auto-transformer is used as a booster in a 
distribution cable to correct for the voltage drop. Its main 
application is to supply a reduced voltage for the starting of 
induction motors and synchronous motors. 



Fig. 7-35 


ILLUSTRATIVE EX/kMPLES 


1. In a transformer the primary and the secondary win- 
dings consist of 80 and 600 turns respectively. What will be the 
secondary voltage if the primary is connected to a 240-volt ^supply? 
If the power of transformation is 10 KVA, calculate the pri- 
mary and the secondary currents. {Neglect all losses). 


Solution : 


/la 

240 80 


E, 


600 x 240 


= 1800 volts. 


80 
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£ii, = lOxlO» ori\ =l?^=41-6 amperes. 

= 10x10" or /,=i^=5-5 amperes. 

2. Calculate the maximum flux produced inside the core 
of a transformer having 1500 turns in the secondary, when a 
66000-volt-50 cycle emf is obtained at the outpuU (^Neglect all 
losses) 

Solution : =4‘44n^Nfx 10' « volts. 

V £oXlO"_ 66000 X 10 "__i 9 .-^y IQS maxwells. 

^ ~ 4^2 / X 1 500 X 50 

5. In a 50 KW transformer the iron loss is 500 watts and 
the full load copper loss is 600 watts. Calculate the efficiency 
at half-load at 0 9 power factor. 

Solution ‘ At half-load copper loss is 

-x600=150 watts = 0‘15 KW. 

4: 

Iron loss remains constant and is 500 watts=0-5 KW. 

At 0’9 power-factor output =2x50x0’9=22 5 K.W. 

. losses _ 1 015+0'5 

Efficiency— out put -{-losses 22'5+015+0'5 

= 1 0;65 ==i_o*028 =0-972 

45-65 

Efficiency is 97-2 percent. 

VII-13. HIGH FREQUENCY CURRENT FLOW 

Skin effect ; When a steady current flows through a con- 
ductor of uniform cross-section, the current density is uniform 
inside the conductor. But when an alternating current is 
applied at the ends of a conductor there is concentration of 
current in outer layers. If the frequency is very high, the 
flow is almost confined to the surface layer. This is known 
as Skin effect. 

This behaviour of a conductor regarding the flow of current 
leads to the conclusion that for some reason or other the 
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impedance of the inner core becomes greater than that of the 
outer shell. It may be realised if the outer shell of a conduo 
ting wire is regarded as a conductor separate from the central 
core, the two being in parallel combination. In such a case 
an outer source of emf will perfer to send more current by that 
path which has a lower value of impedance comprised of 
reactance and resistance. 

Let a cohductor of circular cross-section be divided into 
concentric shells at right angles to 
its length. Let us consider two such 
elements of equal cross-sectional 
area, one a central (A) and the other 
an outer cylindrical shell (B) as 
shown in Fig. 7'36. The central core 
has a greater self-inductance than 
the outer shell for reason discussed 
below. 

The total magnetic flux due to 
a current flowing through B is less than the flux due to 
the same current flowing through A, by the amount that 
fills the space between A and B. This leads to the fact 
that the self-inductance (L^) of it is greater than that of B 
(Lb). It may also be realised by considering that self- 
induction of a conductor really measures the energy of the 
field i.e. the work done in establishing the flux associated with 
it when unit current flows through it. The field for a linear 
current i obtained as H= lijr is greater in regions near the 
centre from that away from it. Hence we may conclude that 
^A>^B- Further, the mutual inductance (M) of the two is 
equal to Lb since the flux linked with B is also linked with A, 
but all of the flux linked with A is not linked with B. 
So since L^>Lb and M = Lb, L^>M. 

Let the resistance of each element for steady current be R. 
When an alternating emf is applied to both regarded as two 
separate conductors in parallel, each circuit may be considered 
to have the other as its secondary and as such resistance and 




278 


CURRENT ELECTRICITY 


inductance of both are altered (see reflected impedance §VII-I2) 
as shown below. 


R = Rj\. R=R ( 1 + 

* M*p* + R^ \ 

and Rb=R 


M*p* 

- .r=r( 


L^"-p>+R^ 


1- 


MV* \ 
MV*+^*/ 

1 MV» \ 

''l^^p^+rv 


Again i, _ .JM 


and Lf, = M- 


M^p^ 


L^V*+^* 


.L, 


The resistance of each is increased due to the effect of 
the other but the increase in A is greater, i.e. Ra>Rb since 
La>M. If p is very high, becomes appreciably greater in 
comparison with Rb- 

The changes in reactance of the inner core and outer shell 
may also be considered. For a material of good conductivity 
R is small and if p is high, i?® becomes negligible in presence 
of AfV* and T^V* • In such a case. 


La=LA-M and Lb=M- La- M ) 

Since -^< 1, hence La>L,, 

‘-'A 

Hence if p is very high the reactance of the inner core 
becomes much greater than that of the outer shell. This 
becomes more prominent when the material has a high 
permeability whereby is largely increased, M remaining 
practically unchanged. This again causes the crowding of 
current into outer layers. Thus for good conductors the 
reactance becomes the main factor in controlling current and 
so at high frequencies the current confines itself mainly to the 
cuter surface. 

For this effect conductors meant to carry high frequency 
alternating current are prepared of a number of stranded fine 
wires insulated from one another. This provides for a large 
surface area for any given area of cross-section. It may be 
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mentioned that high frequency current may be passed through 
human body without injury, the current flowing mainly over 
the skin. 

Skin effect otherwise means apparent rise in resistance of 
a wire for a rapidly alternating current . According to 
Rayleigh the effective resistance R' of a wire of radius a, 
specific resistance p for a high frequency J having a steady 
resistance R is given by 

P 

Tesla coil : When a condenser is discharged through an 
inductance of low resistance, the discharge becomes oscillatory, 
the frequency /, the inductance L and the capacitance C being 
related as /= 1 /2ir\/ZC. 

In the arrangement shown (Fig. 7'37) the secondary (S^) of 
a step-up transformer 
is connected with 
a capacitance C of 
low value (but capable 
of withstanding high 
voltage pressure) and 
a coil (Pa) of small 
inductance through 
a spark gap (S.G). The coil Pj again forms the primary of 
an air core transformer of which the secondary S, is made of 
a large number of turns. One end of this secondary is earthed 
and the other is connected a sparking knob K. 

When an A.C. voltage is applied at P^ the secondary 5^ 
excites the circuit PjC initiated by a discharge at the spark 
gap of the charge accumulated in C. Since both L and C are 
of low value a very high frequency current is set up. This 
again produces a high voltage in secondary Sj attached to it. 
This high frequency high voltage discharges at the knob. The 
discharge through air may excite a fluorescent lamp and may be 
safely pased through the human body with no injury showing 
the action of the skin effect. 
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VII-14. ELIHU-THOMSON EFFECT 

Repnlsion between an A.C. electromagnet and a conductor : 

Let us consider a long coil (A) with an iron core (Fig. 7'38) 
carrying a current ioSin pt. A closed ring (B) of light metal 
is placed inside the cylindrical core projecting beyond the 

1 coil. Let L be the self-inductance of 

B and R its resistance. M is the mutual 
^ C ^ inductance of A-B. The induced emf 

in B regarded as secondary of A is 

e=-M ^ = (i. sin pt) 



or e= — Mpio cos pt=Mplo sin 
The induced current in B is 

f = 


Vr^+l^p^ 


sin (pt — I - 


Fig. 7 38 


where 6=tan~^-^ 


Force between A and B is proportional to the product 
of current in A and B. Hence, 

io sinpt Mpio sin [pf— (^J+^)] 

Force F oc - — — — i_ 

Vr’^+L^P’^ 


or F -x U^Mplsin^ Pt cos(^+0)—^ sinlpt sinQ+6) 

Z 


where Z stands VR^+L^p^ 
Considering the mean value, F oc ~^° 


The negative sign in the expression implies that the force 
is a repulsive one. If may also be evident by considering the 
ring acting as secondary of step-down transformer, the solenoid 
being the primary. The fields due to the two are always opposed 
to each other, like poles being produced at the end of the 
solenoid and the face of the ring which are adjacent to each 
other. Hence a repulsive force is produced which throws 
the ring violently in the upward direction. If the ring is 
prevented from jumping it gets heated. 
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EXERCISES ON CHAPTER VII 

7'1. Explain the terms Mean value, Root mean square 
value and Peak value of an alternating current. Find the 
relations between them; 

A coil of 50 turns each of area 200 sq.cm is rotated at 1200 
r.p.m. in a uniform field of flux density of 5000 maxwells per 
Sq.cm. Calculate (a) the peak and the elfective values of the 
emf genesrated (b) the frequency and (c) the instantaneous 
emf 0'005 sec, after it has passed through the maximum value. 

[y4«s : (a) 125’6 volts, 44*4 volts (b) 20 c.p s. (c) 101 ’6 volts] 

7‘2. Define the form factor of an alternating wave. Cal- 
culate its value for a purely sinusoidal current. 

7' 3. Obtain an expression for the amplitude of the current 
in series circuit containing a resistance and a self-inductance 
when an cm/ £„ sin pt is applied. Explain what is meant by 
impedance. 

An emf of 200 volts (r.m.s.) at 50 cycles per second is app- 
lied to a circuit consisting of a resistance 50 ohms in series 
with an inductance of 100 mH. Calculate the impedance, 
the current and the phase angle. 

[Ans : 59*65 ohms, 3* 35 amp, 32°’ 1] 

7*4. Draw vector diagrams to represent current and voltage 
in A.C. circuits containing (a) a resistance and an inductance 
(b) a resistance and a capacitance. Hence obtain the current 
in a general series circuit consisting of resistance, an inductance 
and a capacitance in series to which a sinusoidal emf is 
applied. 

Define reactance and impedance of such a circuit. Explain 
the terms admittance and susceptance. 

7‘5. Write down the differential equation for the emf of 
an A.C. circuit containing an inductance L, a resistance R and 
a capacitance C in series to which an emf Eg sin pt is applied. 
Solve the equation to obtain the instantaneous current in the 
circuit. 
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Calculate the impedance at SO cycles per second of a series 
circuit containing a resistance 5 ohms, an inductance O'OS 
henry and a capacitance 300 micro-farad. Obtain the phase 
angle of the current. 

[ Ans : 7’14 ohms, ^=45°’6 lagging ] 

7‘6. Explain the term power factor of an A.C. circuit. What 
is meant by wattless component of an alternating current ? 

An emf of 200' volts (r.m.s.) at 50 c.p.s. is applied to an 
inductive coil of resistance 10 ohms and self-inductance 0*05 
henry. Calculate the rate at which the energy is dissipated in 
the circuit. [ Ans : 1079 watts. ] 

7‘7. What is a choke coil ? Explain its utility. 

Show that the power absorbed by a circuit carrying an 
alternating current and having an impedance is Ei cos<f>, where 
E and i are the virtual values of emf and current respectively 
and <f> is the phase difference between them. 

An electric glow lamp runs at 100 volts D.C. taking O’S amp. 
current. It is connected to 100 volts (r.m.s.) A.C. supply at 
50 c.p.s. and the current is found to be 0’34 amperes (r.m.s.). 
Calculate the inductance of the filament of the lamp. 

[ Ans : 0'66 henry ] 

7‘8. Discuss the distinction between resistance and reac- 
tance of an electric circuit. 

An alternating emf of 200 volts (r.m.s.) at 50 e.p.s. is 
applied to a series circuit containing an inductance of 5 henries 
and resistance of 1000 ohms in series. Calculate the r.m.s. 
value of the current flowing on the circuit and its phase in 
relation to the voltage. What is the power consumed ? 

[ Ans : 0'107 amp., (j>==57°'5, 5'68 watts ] 

7'9. Describe and explain the working principle of an 
Earth inductor. State its uses and describe the methods 
involved. 

7*10. A circuit consists of three branches, the impedances 
of which at 50 c.p.s. are respectively 

Zi = 12-|-3j, Zg=5 — 4j, Z3=7-l-8j 



A. C. CIRCUITS 


28? 


Determine the values and phases of the current when the 
three branches are in (a) parallel (b) series in a 200-volt-50 
cycle supply. 

[ Arts : (a) 52'4 amp., 15'’'2 (leading), 
(b) 7*746 amp., 15°*2 (lagging) ] 

7*11. What is electrical series resonance ? Discuss voltage 
and current resonances in such a circyit and indicate the 
conditions to obtain these. 

A circuit containg an inductive resistance of 0*04 henry and 
4 ohms is in series with a capacitor of 25 juF. Find the reso- 
nant frequency and current in the circuit at this frequency for 
an emf of 200 volts in the circuit. 

[ Ans : 159 c.p.s., 25 amp. ] 

7* 12. What are acceptor and rejector circuits ? Explain 
their action. ‘A rejector circuit at resonance shows current 
magnifiication whereas the acceptor circuit at resonance 
causes voltage magnification’ — Discuss this statement fully. 

7*13. Obtain the condition for sharp resonance in a series 
circuit. What is ‘pass-band’ of a resonant circuit ? 

7*14. Describe a parallel resonant circuit. Such a circuit 
may be used to filter out the current of a particular frequency — 
Explain. 

What is dynamic resistance ? What is g-factor ? 

7*15. At what frequency should a current in a L-R-C 
series circuit be independent of capacitance and inductance ? 
Discuss its importance. 

Calculate the voltage magnification at the terminals of an 
inductance of 0*8 henry and resistance 10 ohms in series with 
a capacitor of 5iiF when an emf of 100 volts is applied at the 
resonant frequency. 

[ Ans : 20*1 ] 

7*16. What is a transformer ? Show that the secondary 
of a transformer produces an apparent increase in resistance 
and decrease in inductance of the primary. How can thiS' 
be minimised ? 
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7‘17. Work out the theory of a transformer and explain 
its function. Investigate the effect of secondary on the 
impedance of the primary. 

7‘18. The maximum flux-density through the core of a 
step-down transformer is 10® maxwells. If the input is 220 
volts at 50 c.p.s. and the transformation ratio is 1:5, find 
the number of primary turnings neglecting the resistance 
of the windings. 

[Ans\ 500] 

7' 19. Obtain the emf equation of a transformer. Discuss 
the leakage and losses in relation to an imperfect transformer. 
Draw an equivalent circuit for such a transformer. 

What is meant by efficiency of transformer ? Obtain the 
condition for maximum eflSciency. 

7'20. Explain the apparent rise in resistance of a wire with 
frequency for a rapidly alternating current flowing through it. 
Discuss its practical consequences. 

7’21. Obtain the condition for a balance in the generalised 
Wheatstone bridge having impedance in each branch. Apply it 
in Maxwell’s bridge meant for measurement of self-inductance. 

I'll. Describe Anderson’s method of measuring self- 
inductance. 

7'23. Explain how by means of Wheatstone bridge applied 
to A.C. circuits the frequency of a sinusoidal emf may be 
determined. 

7‘24. Describe an accurate method of determination of 
small capacitance relative to a standard capacitor. 

7’25. Write notes on : (a) Skin effect (b) Tesla coil 
(c) Elihu-Thomson effect (d) Auto-transformer. 

7’26. Explain the term negative resistance of a circuit. 
Deduce the conditions that a circuit may be oscillatory. 
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VIIM. BASIC PRINCIPLES OF A GENERATOR 


E.M.F. generated in a straight conductor : Consider that 
a straight conductor O of length / centimeters is moving with a 
uniform velocity of v centimetres per second in a uniform 
magnetic field of flux density 5, in a direction at right angles 
to the lines of induction and perpendicular to its length 
(Fig. 8-1) 

Let the conductor move through a distance OP==d in t 
seconds, so that the flux cut by it is 

N=Bxlxd 

The induced emf 

dt t 

More generally let the con- 
ductor move a distance OX=x 
in a direction inclined at an angle 6 
with the lines of force, then the distance traversed at right 
angles to the field is given by x sin 0, hence 

N=Blx sin 6 and ^Blv sin 0 

dt 










Fig. 81 


If the conductor moves parallel to the field 6=Q then c=0, 
since sin tf=0. The emf is maximum when 0=90°. 

If B in the above equation be in maxwells, the emf 
generated in the conductor expressed in volts, will be 
Blv sintf X 10"® volts. 

E,M.F. generated in a rectangnlar coil : Movement of a 
conductor in a magnetic field as described in the above may 
be continuous if the conductor instead of proceeding in a 
straight line rotates in the field in a circular path, as indicated 
by the curve drawn in broken line. Such a motion is realised 
in the rotation of a rectangular coil. 
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Let a rectangular loop abed (Fig. 8*2) of a conducting 
material be rotated with uniform angular velocity co about an 
axis XY perpendicular to the field. If 
2r be the breadth {ab or cd) the linear 
velocity of the rotating loop is v=cor. 

During rotation the planes of rotation of 
ab and that of cd remain parallel to the 
field and as such they cut no lines of 
force and there is no induced emf in 
these portions. But the side ad or be, 
each of length /, remains perpendicular 
to the field and their direction of motion 
with respect to the field denoted by 9, 
continually changes so that 0 varies from 
0 to 277. These conductors cut the lines 
of force during rotation and the induced 
emf in ad and in be are mutually opposite in direction. But the 
emfs in the two act cummulatively round the loop. At the 
instant when the conductors are moving in a direction 0 with 
the field, the induced emf is given by 

e=2 Blv sin 9, 

Since the side ad or be while rotating always move in a 
direction normal to the plane of the coil, the angle 9 may be 
regarded as the angle made by this norma! with the field at 
any instant. 

If the loop is replaced by a coil of n turns, the total induced 
emf at any instant is given by 

E=2n Blv sin 9 

If time be reckoned in such a way that when t=0, 9=0, 
i.e. when the normal to the coil is parallel to the field then 
at any subsequent instant, 9=wt, which gives the angular 
shift of the coil normal from its coincidence position relative 
to the field. Hence 

E=2nBl<j)r sin (ot=nB(2r.l)a}. sin cot 
or E=AnioB sin wt {e.m. units), 

where A is the area of each loop of the coil. 
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or E=Efy sin where E^ = AnoyB 
or E= AnojB sin cjtx 10"® volts. 

It may be noted that AnB is the total flux through the 
coil when its normal is parallel to the field. The emf is 
maximum when the coil normal is perpendicular to field and 
the flux through the coil is minimum as in this position the 
rate of change of flux is maximum. • 

Principle of a Dynamo : Generator or Dynamo is a contri- 
vance for converting mechanical energy into electrical energy. 
The working of a generator is based upon the induced emf 
due to electromagnetie induction in rotating coil as discussed 
in the foregoing section. 

Suppose a rectangular coil of n turns each of area A rotates 
with a circular frequency, i.e. angular velocity p. Frequency 
giving the number of revolutions per second is obtained as 
f=pl2TT. The rotation is about an axis perpendicular to a 
magnetic field of induction B. In air B is same as the magne- 
tic force H and in a medium of permeability ju, B=fiH. If 
the normal to the coil is initially (when t = 0) parallel to the 
field, at any subsequent instant t it will be displaced through 
an angle 0=pt. Magnetic flux linked with the coil in this 
position is 

N=AnpH cos p: 

Induced emf E= — ^^^=AnpHp sinpt = Eo sin pt. The 
magnitude of the emf is sinusoidal, its amplitude is given by 
Eo = AnpHp, which again is the instantaneous emf when the 
normal to the coil is perpen- 
dicular to the field. A current 
varying in a simple harmonic 
manner is obtained in such 
a rotating coil. Since the 
current is reversed in direc- 
tion alternately during rota- 
tion it is called Alternating 
current. 

In a dynamo there is arrage- 
ment to transfer the current from the rotating coil to an 
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external circuit in which alternating or unidirectional (direct) 
current is obtained. The generators are therefore clasfified 
as D.C. and A.C. generators. 

VIlI-2. D. C. GENERATORS 

Essential parts : The practical form of a D. C. generator 
consists of the following components : (0 a magnet to produce 
a field, (//) an assemblage of conductors placed in the field, 
(ni) an arrangement for producing motion in the conductors, 
(iv) a contrivance for transfer of current to any external circuit. 
All these are accommodated in the field-magnet and the 
armature. 

(1) FIELD MAGNET : It may have one or more pairs 
of opposite poles. The field system cosisting of four poles 
is shown in the diagram (Fig. 8*4-a). It consists of (i) a 
cylindrical yoke which serves the double purpose of carrying 
the magnetic flux and of acting as a frame of the machine, 
(ii) the coils carrying current to produce the field and (iii) the 
pole shoes. 

(2) ARMATURE : It is a cylindrical structure made up of 
sheets or stampings of electrical sheet iron or steel. The 
armature core has a series of longitudinal slots for housing 



Fig. 8-4 

the conductors forming the coil. The material of the core 
increases the flux and to reduce the losses due to heat produc- 
tion by eddy currents the armature is taken in a laminated form. 
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The manner in which lamination reduces the strength of the 
eddy current and thus reduce the loss of power due to such 
current can be realised from the following considerations. Iron 
is electrically conducting and the rotation of a solid core in 
a magnetic field induces eddy current which flows at right 
angles to the field through the core having electric paths of 
low resistance and there is consequent production of consider- 
able current. If the core is subdivided into*/! thin sheets insula- 
ted from 6ne another, it has the effect of reduction of cross- 
section of electrical paths increasing the resistance by n-times 
of each eddy current path and at the same time reducing the 
emf round an eddy current path to ^th of its previous value. 
This reduces the eddy current loss by 1/n* fraction. Solid and 
laminated cores are shown in Fig. 8*4-b. 

Field Coil excitation : Field magnets in small machines are 
sometimes permanent magnets but generally these are self- 
excited electromagnets. The current produced in the machine is 
used back for exciting the field coils. At start the armature coil 
finds itself in a magnetic field, though weak, arising out of resi- 
dual magnetism and a small emf is developed when the armature 
rotates. The current thus generated circulates the field coils 
making the field stronger and the machine very soon develops 
the requisite field and the maximum emf There are three types 
of winding the field coil in relation to the armature coil. 

(a) SERIES-WOUND MACHINE: In this mode of 



winding (Fig. 8‘5-a), the field coil consists of a few turna:of 
19 



290 


CURRENT ELECTRICITY 


thick wire. The armature conductors, the field coil and the 
external circuit are all in series. If the external circuit, i.e. the 
load draws more current, the field coil current also increases 
and thus causes a higher voltage to generate. 

(b) SHUNT-WOUND MACHINE : The field coil consists 
of large number of turns of wire joined in parallel with the 
armature coil and the external circuit (Fig 8* 5b). As the load 
draws more current, the field coil current drops to a lower 
value. But if the terminal potentials be kept constant, the 
field coil current becomes independent of the load current. 

(c) COMPOUND-WOUND MACHINE : It is a shunt- 
wound machine having in addition few turns in series. If 


SHUNT FC 



Fig. 8*6 Fig. 8*7 

the series coil be in series with the field-coil-armature parallel 
combination it is called a short shunt (Fig. 8'6-a) and if it 
is in series with the armature it is called a lonj shunt (Fig. 
8.6-b). With this contrivance the terminal voltage may be 
kept practically constant irrespective of the current in the 
external circuit. The characteristics of three types of D.C. 
dynamo having different modes of field coil winding are shown 
graphically (Fig. 8‘7). 

Armature E.M.F. and Commutator action : There are two 
types of armature, Gramme-Ring armature and Drum arma- 
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ture. Of this the first is not much in use, but its action 
gives a clear conception regarding the cumulative effect of 
emfs in different coils or condutors. 

GRAMME-RING ARMATURE : The armature core is 
an iron ring (R in Fig. 8’8) made up of sheet iron stampings 
and is wound uniformly with insulated copper coils. The coils 
though several in numbers yet are connected to one another 

in such a way as to 
form an endless coil. 
The ends of each coil 
are connected with 
two adjacent bars, a 
number of which are 
fitted insulated from 
one another around a 
slip-ring (C) called the 
commutator. The ring 
is fitted on the main 
shaft so that it rotates 
along with the armature core. Two metal brushes B^) are 
so fixed that they always graze the surfaces of the two copper 
bars in opposite sectors. As the commutator ring rotates 
each of the brushes comes in contact with one bar after 
another. Each brush is so placed that each of them 
comes in contact with the end of the coil when it is in a 
vertical position, Le. when there is no emf in it. This is meant 
for avoid sparking that may arise due 
to short-circuiting of a coil through the 
brush when two consecutive copper bars 
come under the brush at the same ins- 
tant (Fig. 8*9). 

When two brushes are at the same 
time in contact with two remote copper bars, they form the 
terminals of two parallel paths made by the coils on the 
respective halves of the armature. As the armature rotates 
the induced emf in the coils on each half lying under the 
same pole are in the same direction. But those on the two 



Fig. 8-9 
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halves are in opposition and they become cumulative when 

directing current in an external' 
circuit through the brushes. The 
emf in each coil is sinusoidal but 
the emfs in dilFerent coils diifer in 
phase due to difference in position 
with respect to the field. If 
Cq, be taken to be the emf in 
coils in different positions, the total 
^‘8* emf at any instant in each half of 

the coils is obtained as 



^ = ^ l +^2 + ^3 +^ 4 + 

and + 

Although the emf in each coil is changing during rotation, 
the sum of the emfs of the different coils remains constant, 
since position of the coils as a whole with respect to the 
field remains unaltered. So the machine develops almost 
a steady ^/n/ between the brushes and it sends an undirectional 
steady current through the external circuit. 

Disadvantages of Ring armature : It may be observed that 
there is no field in the space encircled by the ring. As such 
one-half of the wire-turns does not embrace any flux even when 
the ring rotates. These are unproductive so far as the emf is 
concerned and act merely as return of the circuit. Further, 
there is wastage of electrical energy due to flow of current in 
these. Moreover winding is inconvenient and commutation 
difiScult. These disadvantages have been removed in another 
type of armature. 

DRUM ARMATURE : A drum-shaped core is made up 
of soft iron sheets insulated from one another. There are 
parallel slots cut lengthwise along the surface of the cylinder 
shaped armature. Conductors are housed inside the slots. 
Each conductor is connected directly to a second conductor 
on the backside and on the front side conductors are connected 
one after another through commutator bars so as to form a- 
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complete circuit when joined with external circuit through 
brushes pressing on commutator bars. 

The diagram (Fig. 8'11) shows in cross-section a four-pole 
dynamo. The conductors are 
indicated as black circles. 

The emf induced in each of the 
conductors under iV-pole is in 
the same direction and that in 
the conductors under V-pole is 
in opposite direction relative to 
the other. These are indicated 
as ‘+’ or ‘ ’ in the diagram. 

As the armature rotates a 
particular conductor is shifted 
from one pole to another and ^‘8- 8' 11 

the emf continually changes in magnitude and alternately in 
direction. The distribution of emf in space, i.e. in conductors 
under a particular pole remains unchanged which is as consi- 
dered outward under A-pole and inward under S-pole in the 
arrangement shown in the diagram drawn. 

There are two types of winding known as lap (or parallel) 
winding and wave (or series) winding. The difference in two 
types of winding lies in the arrangement of connections of one 
conductor with another ahead of it. 

If the periphery of the armature as well as that of the yoke 
be opened we get the conventional ‘developed’ diagram in 
which the poles and the conductors are shown in one plane 
(Fig. 8T2). 

If there are four poles and Z conductors in all, Z/4 of them 

lie under each pole. The 
emf in conductors under 
iV-pole is opposite to 
those in the next group 
under S-pole. 

Fig. 8*12 The pole-pitch is the 

distance from one pole-centre to the next reckoned by the 
number of conductors intervening. In the case of a p-pole 
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generator having Z-conductors the pole-pitch is Zip. The 
separation of the consecutive end-connections at the back and 
the front reckoned in term of number of conductors are respec- 
tively known as back-pitch and front-pitch. 


Commutator bars insulated from one another are arranged 
round a ring fitted with the main shaft along with the drum. 
These bars are used for making forward corrections. There 
are half as many bars as the number of conductors. There arc 
brushes pressing on the bars spaced in such a way as to form 
contacts at the extreme ends of the group of conductors in 
series forming a coil and generating cumulative emf 


Lap and Wave windings i A conductor, say no. a (Fig. 8’ 13) 
under a particular pole is to be connected at the back to a 

conductor, say no. 6, under 
the next pole so that the emfs 
in them become cumulative. 
The conductor is now to be 
connected at the front with 
any other conductor. Such 
front connections can be made 
in two ways, backward or 
Fig. 8*13 forward, Ue. with a conductor 

under a pole behind or ahead of it. The two methods invol- 
ving backward and forward connections are classified as lap 
and Yfa\e windings. Whatever may be the principle adopted 
the connections should be such that the conductors one after 
another form a continuous path, the emfs being cumulative. 



The difference in connections between the two types of 
winding may be realised by remembering that in lap winding 
the front and back connections in a particular conductor are 
similar both either forward or backward, while in a wave 
winding the front and back connections of a particular con- 
ductor are dissimilar, one forward and the other backward. 
In alternate conductors in both the type of winding the connec- 
tions are reversed. The number of conductors are so chosen 
as to form two or more parallel circuits. 
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LAP WINDING consists of a system in which the front 
and back pitches are unequal. The scheme of connections 
simplified with only 16 conductors under 4-poles in shown in 
diagram (Fig. 8*14). 



Fig. 8-14 

Brushes for making connections of the conductors with the 
external circuit are placed at proper places. It may be observed 
from the diagrams that a brush is placed at each meeting 
or separating point of opposing emfs. The meeting points 
form the positive terminals and the separating points the 
negative terminals. According to this •the brushes A and B are 
positive and those at C and D are negative. There are four 
parallel paths (equal to the number of poles) as shown in the 
diagram. 

WAVE WINDING is a system in which the front and back 
pitches are often equal. The scheme of connections simplified 
with 18 conductors are shown in the diagram (Fig. 8*15). 
The winding progresses in a series of waves and hence 
the name wave winding. There are only two parallel paths 
connecting all the conductors and two brushes are necessary. 
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But for equal spacing two more brushes are placed in positions 
shown in dotted lines. Thus there is a brush opposite to a pole. 


SCHEME OF WINDINS 



Fig. 8*15 

Difference between Lap and Ware windings : The main 
points of dissimilarities between the two types of winding may 
be summarised as follows : 

(i) In a wave winding considering the continuity of wiring 
it is found to be advancing both in the front and at the back. 
In lap winding at the back the wiring advances in the forward 
direction but in the front it is retrograde. This is sometimes 
expressed by saying that in the wave winding the front and the 
back pitches are in the same direction, in lap winding these are 
in opposite directions. 

(«) In a (single) wave winding there are two parallel paths 
through the armature coil irrespective of number of poles ; 
in a (single) lap winding there are as many paths in parallel in 
the armature as there are field poles. 

(Hi) In the wave winding two brush sets are only necessary 
and in lap winding the number of brush sets necessary is 
equal to the number of poles. 
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(iv) In a wave winding the front and back pitches are often 
equal but in lap winding they always differ by two. 

(v) Wave winding is suitable for large voltage and lap 
winding for heavy current. 

Practical form of windings : In a developed diagram the 
conductors are shown to be arranged uniformly round the 
periphery. To avoid practical difficulties of too many triangular 
connections at the ends of the conductors, these are taken in 
the form of coils. The coil sides are placed in slots in two 
layers, one upper and the other lower. Each coil lying with 
one side in the upper half of one slot has the other side in 
lower half of a slot one pole pitch apart. 

To limit the number of slots, more than one conductor is 
placed in each layer. In large machines six or eight conduc- 
tors is placed in one slot. The individual coil formed by a 
pair of conductors under consecutive poles form a single 
turn coil. 

The number of segments or bars in the commutator ring 
should be half as many as the number of conductors. So an 
armature with small diameter should have very thin segments. 
To avoid this difficulty in small machines all the conductors 
in the upper layer in a particular slot together with those in 
the lower layer of the slot one pole-pitch away form a 
multiturn coil having two open ends only. 



Fig. 8’1() 

The practical winding has the following differences with 
the schematic windings shown in the developed diagram : 
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(i) It is a two layer winding and as such has even number 
of coil sides per slot. 

(ii) In it each individual conductor may be the coil side of 
a single turn or a multitum coil. 

An important requirement in a dynamo, that all the coils 
shall be identical can thus be obtained by using pre-formed 
coils placed in normal positions in the slots. What appears 
to be a single coil in the armature may be actually several 
independent single turn coils or a multiturn individual coil 
(Fig. 8- 16). 

ARMATURE REACTION : Armature has an iron core 
and the conductors round it carry current. The distribution 

of armature current is equi- 
valent to a solenoid carrying 
current and the armature 
sets up a field at right angles 
to the main field. If OC 
(Fig. 8T7) is the main field 
and OD due to armature 
reaction the resultant field is 
along OF. This causes a 
twist of the field in a direc- 
tion in which the armature rotates. Again, the brushes are to 
be placed at right angles to field to avoid sparking which 
happens due to short-circuiting of a particular coil. So due 
to this distortion of the field the brushes are to be shifted from 
geometrical neutral axis (AB) to the magnetic neutral axis 
(A'B'). The angle through which the brushes are shifted is called 
the angle of lead (AOA' in the diagram). If the brushes are 
given a lead the effect of cross-magnetisation is remedied but 
demagnetising effect which weakens the field still exists. These 
two effects of cross-magnetisation and demagnetisation are 
called armature reaction. 

Instead of shifting the brush position the armature reaction 
is annulled by small extra poles (called inter poles) excited 
by the armature current in series placed midway between 
two main poles and having the same polarity as the next 
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main pole in the direction of rotation. Alternativaly neutrali- 
sing winding in series with the armature may be placed inside 
the material of the pole pieces. 

Expression for E.M.F. : Let us suppose that there are 
several conductors under each pole and tmf in them at any 

instant are respectively e,, fg The emfs in the 

conductors are additive in each of the parallel paths. Hence 
the total emf generated in all the conductors under the same 
pole is 


e=?i+«g+eg + - 

^8 • different because of their positions in 

the field. 

Let N be the flux per pole. Divide it as iVg, iNTg-’ in 
as many parts as there conductors in it. Let x be the spacihg 
between consecutive conductors and t the time required by 
a conductor to move through this distance. Induced emf in 
the conductor embracing this flux is N^^lt and considering 
similar emfs in other conductors, we have 


t t t 


+ 


If n be the revolutions per second, angular velocity oi=litn. 
If in all there are Z conductors round the armature, x subtends 
an angle iTtfZ at the axis of revolution and t is obtained as 


t= 



J. 

nZ 


Therefore emf induced in all the 
conductors under one pole is 

e = S^ = ZnN 
t 



If there are P poles and if all the Fig* 8’18 

conductors are in series the total emf £- PNZn. But if there 
are p parallel paths through the P poles. 
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Total E.M.F. E= x lO' « volts. 

P 

p=P for lap winding, and p=2 for wave winding. 


ILLUSTRATIVE EXAMPLE 

The armature of a 4-pole D.C. generator has ware winding 
consisting of 774 conductors. Calculate the emf generated when 
the flux per pole is 4 y.l0~^ maxwells and the speed of revolu- 
tion is 250 r.p.m. 


Solution : X lO'® volts 

P 

iV=4x 10-8, z=774, m=250/60, P=4, p=2 


Hence 


^_4x 10-8 x774x4x250x 10-8 
2x60 


or £=258 volts. 


VOLTAGE REGULATION : The voltage in a generator 
is regulated by controlling the field current by means of a 
rheostat placed in series with a shunt-wound generator and 
used as a shunt in a series wound machine. 

In a shunt-wound generator (Fig. 8' 19a) the more the 
resistance {R) placed in series with the field coil the less is the 

exciting current in the field magnet. 
This causes a lowering of the 
voltage generated. Maximum vol- 
tage is obtained when £=0. 

In a series-wound machine a 
resistance (7?) is put in parallel with 
the series field coil. If R is dimini- 
shed, greater current is diverted 
through R, diminishing the field 
coil current. This causes a fall of 
voltage. The voltage is maximum 
when R is infinity i.e. when R is disconnected from the circuit. 

Efficiency of the Generator ; The efficiency is considered 
in three different ways for different purposes. 






AAM^- 

I ca) 




ELECTRICAL TECHNOLOGY 


301 


Commercial EflBciency= 
Electrical Etiiciency = 
Mechanical Efficiency = 


Power delivered to the load 
Power supplied to the machine 
Power in the exte rnal circuit 
Total power generated 
Total powe r g enerated 
Power supplied to the machine 


Input in a machine is the power supplied to it. Iron and 
frictional losses cause a lowering of this. 

Power developed — copper losses = Power delivered (output) 

Input— Iron and mechanical losses — Power developed 

= Output+copper losses 

Losses in a D.C. generator may be summarised as shown 
below. 


Total loss 
Copper loss 

Iron loss 
Mechanical loss 


= Copper loss+Iron loss+ Mechanical loss 
= Loss in armature core+loss in shunt coil 

+I0SS in series coil 
= Hysteresis loss+Eddy current loss. 

= Frictional loss+air loss in rotation. 


VIII. 3 . A.C. GENERATORS 

Essential parts : In a modern A.C. dynamo the armature 
remains stationary and the field is made to rotate in the space 
inside the armature. A stationary armature simplifies the 
construction and the problems regarding insulation. This form 
of armature eliminates the necessity of commutators and an 
alternator constructed as such may be made to supply large 
output at high voltage. The field is excited by supplying 
direct current to the windings from a small D.C. generator. 
A pair of slip rings brings this current to the rotating poles. 

The stator core is laminated. It is not necessary to laminate 
the rotor core, since the current in the windings round the 
rotor core is continuous. Sometimes pole-tips are taken in 
laminated form. The general construction of an alternator is 
described below and is shown in the diagram (Fig. 8'20). 

(i) The stationary armature or stator as it is called, is 
built of steel laminations having slots for conductors. It is 
fitted inside a cast iron frame. 
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(ii) The rotor poles are fixed to the rim of a steel magnet 
wheel which can be rotated. The exciting coils round the poles 

are connected in series and the 
two ends are connected to the 
D.C. source through brushes. 

(iii) The armature coils 
" are fitted inside the slots 
^ I their both ends being brought 
slW out. For a maximum voltage 
the span of each coil should 
be a pole-pitch but for impro- 
ving the wave shape of the 
voltage generated the span of 

the coil is reduced. 

Fig. 8*20 1 I. 

Single-phase winding : 

There is only one coil group per pair of poles. In concentra- 
ted winding there is one slot per pole. This type of winding 
gives the maximum voltage for a given number of conductors 
but the wave form is not sinusoidal. Better wave form is 
obtained by distributing the windings in several slots per pole. 


Fig. 8*20 



Fig. 8*21 

The windings may be of lap or wave pattern. All the conduc- 
tors or sets of coils are connected in series and the two ends 
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are joined to the terminals of the machine. The diagram 
(Fig. 8*21) shows mode of distributed lap or wave windings. 

The windings shown are single layer windings. Two- 
layer windings arranged with two coil sides per slot, exactly 
like D.C. armature windings, are frequently used. 

Poly-phase winding : The windings in an A.C. generator 
may be so arranged that instead of a single circuit from the 
machine, there are two or three separate • circuits supplying 
emf of the same frequency and voltage but differing in phase 
by 90"^ or 120°. These are respectively called . two-phase and 
three-phase machines. 

In a two-phase alternator two separate single phase winding 
are housed in slots in different positions relative to the poles in 
such a way that emfs in the two circuits differ in phase by 90°. 
The conductors in one set are placed half-way between the 
conductors of the other set so that they are 90° electrical 
degrees apart. This means that when the emf in one set 
is maximum that in the other is zero. There are two sets 
of terminals of the mac- 
hine. A skeleton two- 
phase winding is shown 
in the diagram (Fig. 

8*22 upper portion). 

In a three-phase alter- 
nator three sets of con- 
ductors are distributed 
in slots, each set occu- 
pying one-third of each 
pole-pitch. By this 
arrangement each set 
of conductor is placed 60° apart in phase from the other. The 
actual phase difference between the emfs generated in the 
first and second set is 60°, between second and third set is 60° 
and that between first and third set is 120°. If the middle set 
of conductors is reversed in connection with the terminals 
the actual phase difference between any two of the sets is 
120°. A skeleton winding is shown in Fig. 8*22 (lower portion). 



Fig. 8'22 
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Freqaeacy Eqnation : The emf in each conductor goes 
through a complete cycle when it passes through an angular 
distance equal to twice the pole pitch, i.e. it moves past one 
pair of poles. If there be n revolutions per second and P/2 
is the number of pairs of poles, the number of complete cycles 
in one second, i.e. the frequency of emf is obtained as 



If again R is the revolution per minute n= P/60, hence 

f_R P_R.P 
^ 60 • 2 120 

Thus if speed and frequency are hxed, the number of poles 
required becomes fixed. For example if /=50 and P=1500 
r.p.m, the number of poles will be 

P_120/_120x50_. 

■p 1500 

E.M.F. eqaation : Let N be the flux per pole in maxwells, 
P is the number of poles, n is the speed in revolution per 
second and / the frequency. Let us consider the case in 
which there are Z conductors in series per phase. 

Time taken by the field for one revolution sec 
Time taken by the field to move through one pole pitch is 



During this interval each conductor is cut by the entire 
flux of one pole and sc the average emf in each conductor is 

e=- = P/iiVxl0"® volts. 

i 

R.M.S. value = average value x form factor and for a sinu- 
soidal emf form factor is Ml. Hence for ag alternator 
generating such an emf 

R.M.S. emf per conductor = 1 • 1 1 x PNn x 10~ ® volts. Hence 
considering all the Z-conductors, the resultant (R.M.S.) emf 
P=l ll xPiVhxZx 10"* volts. 
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If the wave form is not sinusoidal the form factor differs 
from Ml. Indicating this by the equation for the emf 
should be expressed as 

E=K^PNnZ'>i\Q~^ volts 

If the windings are distributed then the emfs in the various 
parts of the coil are not in phase. Suppose that the total 
emf in the coil for concentrated winding is *E and for distribu- 
tion it is reduced to K^E, then is called the ‘breadth factor\ 
Hence the resultant emf in all the conductors is expressed as 

E=K^.K^PfslnZx 10-^ volts 

Since frequency E-lK^K^fNZxlO'^ volts 

Terminals in a three-phase winding : Since a three-phase 
alternator has three separate circuits supplying current in 
three different phases there should be six terminals of the 
machine. But in practice there are two general methods in 
which the number of conductors necessary reduces to three 
only. These are star and delta (or mesh) connections. 

STAR CONNECTION : The three phases each have one*: 
end brought to a common point called the neutral or star pointy 
while the other ends are 
taken to three terminals 
of the machine. The emf 
between any two phase 
lines is called line voltage 
(El). It is equal to the 
vector difference of the 
two phase voltages (E'p), 
hence 

^L==VEp^+Ej^^—2E^.Ej,. cos 120° 
or Ei,= Ej,^2+2 cos =V'3£'p 

So Line voltage = VS. (phase voltage). There is a phase 
difference of 30° between the two. In a practical system of 

C.E.— 20 







306 


CURRENT ELECTRICITY 


supply the phase voltage is made 230 volts and in such a case 
the line voltage becomes 400 volts. 

In practice, the phase voltage is supplied for domestic 
consumptions and for this purpose a neutral line (earthed) from 
the star point runs along with the phase lines, and the phase 
voltage is obtained by connecting the house supply mains with 
a phase line and a neutral line. The neutral line is not 
necessary in transmission lines where all the. three phases are 
utilised. Since each line is connected to one phase only in 
star-wound machine the line current is same as the phase 
current. 


DELTA CONNECTION : In this system the three phases 
are joined to form a circuit which is closed. Since the sum of 

the instantaneous values of 
three emfs is always zero, 
there is no current circula- 
ting round the mesh. 
Between each pair of lines, 
there is only one phase emf 
and so phase em^ is same 
as the line emf. The line 
current is the vector 
difference of two phase 
currents fed into a line. 
Hence the line current is \/3- (phase current), /.e. = 

Power in three-phase system : Since a balanced three-phase 
system consists of three similar circuits, 

Total power = 3 x (power in each phase) 



=3x /Tpij, cos <t> 


(f) is the angle between the phase emf and phase current. 
Since in star connection = £' 2 ^/ V3 and in delta connection 

L = so in both systems 


Total power = 3 x EJl <I>=V^EJ^ cos <I> 

V 3 

It should be noted that ^ is the phase difference between 
phase current and phase voltage. 
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ILLUSTRATIVE EXAMPLES 


1. A star-wound alternator develops a line emf of 6600 volts. 
Calculate the phase voltage and the total power output when 
the current in each phase is 300 amperes and the power factor 
is 0-8. 


Soiution : Phase voltage E^== ^810 volts. 

V 3 

Power output =3 xEpip cos tj> =3x3810x300x0’8 

= 2740x10* watts. 


2. A 100 H.P. three-phase delta-connected motor works on 
aline voltage of 3000 volts. If the efficiency is 84 percent and 
power factor 80 percent, calculate the line and the phase 
currents. 


Solution : 


Input = output X ^ 

_ 100 x 746x100 
84 


=88 X 10* watts 


or /j,= 


Power P=‘\/BEiii^ cos ^ 
P 88000 


■\/ZE,^cos <f> -v/S X 3000 X 0'8 


=21'17 amp. 


VIII-4. D.C. MOTORS 

Principle : An electric motor is a contrivance to convert 
electrical energy into mechanical energy. If a conductor of 
length I carrying a current i (e.m.u.) is placed at right angles to 
a magnetic field (TT) it is urged on * by a force Hil dynes 
according to Fleming’s left hand rule. Consider that the arma- 
ture of a D.C. generator instead of being rotated by mechani- 
cal power is supplied with current through its conductors from 
an external source. Force acts on each of the conductors and 
the force on the conductors in one-half of the armature fac- 
ing a particular pole is equal and opposite to that on the other 
half facing the opposite pole. This produces a couple about 
the axis of the armature which causes the armature to rotate. 
The machine now acts as a motor. The components of such 
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a motor is similar to that of a generator (§ VIII-2), comprising 
the field magnet, the armature and the commutator. A 
steady current is supplied both to the armature and the field 
coils. The field coil current may be, as in a generator, in 
series, in parallel or in both forms in relation to armature 
coils. 

Torque equation : Let No be the flux distributed around 
each conductors of length I and let the space occupied along 
the periphery by each of the conductor be x in length. Thus 
the field H (measured as flux per unit area) in which a conduc- 
tor is placed is given by 

H= 

Lx 

Let r be the radius of the armature and Z be the total 
number of conductors then jc=27rr/Z. 

Suppose ia is the total armature current in p parallel paths 
then the current in each conductor is i^lp. So the force on 
each conductor obtained as HU is given by 

Ko £«. /= 

Lx ' p * lirr ’ F' 

If N is the flux per pole, the total force on all the con- 
ductors under each pole is 

pz=z Z ^ i 

Inr p 27rrp ‘ " 

Torque acting on. the armature due to this if r be the 
radius of the armature, is given by 

2'iTrp 27Tp 

If there are P poles, the total torque on the armature is 

27TP 

or r oc Nia 

Back E M.F. : When the armature begins to rotate there 
is induced emf in the coils and the motor functions as a 
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generator. The induced emf in the coils is in a direction 
opposite to that supplied to them. This is called back emf 
in a motor. The elTective current through the armature is 
less than that supplied as it is diminished by the back emf. 

Resultant emf in armature = Supply em/— Back emf 

If Ra is the armature resistance and ia the current in it, 
V the emf supplied and E is the back emf, then 

RJa=V-E 

Speed equation : Let f be the frequency of rotation of 
the armature. The magnitude of the back emf is controlled 
by the factors determining the emf on a generator and as such 
E oc iV/(see § VII-2). So 

Frequency / oc - 
N 

But E=V-RX, so /=-=^“ 

Speed of a motor, as shown, varies directly as the back 
emf and inversely as the flux. So the speed can be increased 
by weakening the field. It is thus seen that the condition for 
a large torque (T oc Nif) is different from the condition of 
high speed ( y oc EjN ). Speed may be varied by either varying 
the applied voltage (V) or the field flux (A^). 

EFFECT OF LOAD : A motor is said to be loaded when 
it overcomes any external torque opposing its motion. The 
appliance which is to be driven when coupled with motor 
creates such a counter torque. When a motor is set in motion 
without having any load, the torque * in motor is required 
only to overcome friction. In such a case back emf rises to 
a value very nearly to the supply voltage. When a load is 
applied, the motor tends to fall in speed, the back emf 
decreases causing the armature current to increase to such a 
value as may produce the torque necessary to overcome the 
counter torque produced by the load. If the load is decreased, 
the existing torque in the motor being in excess accelerates 
the armature, which again increases the back emf till the 
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current falls to new value necessary to overcome the diminished 
torque created by the new load. The back emf thus makes 
the motor a self-adjusting machine, regulating the current to 
such a value as is necessary for the applied load. 

Field excitation : There are three ways of exciting the 
field of a D.C. motor. Excitation involves the supply of 
current to the field and the armature coils, which is done by 
either series, shunt or compound form of windings. 

SERIES MOTOR : The field coil is in series with armature 
coil, and the same current flows through the both. The flux 
increases with the current and speed falls with rise of current, 
since speed is inversely proportional to flux. 

At light loads the back emf causes the current to be small 
which makes the field weak. So the speed which is inversely 
proportional to flux is high. The speed in such a base may 



be dangerously high. If the load increases causing rise of 
field strength, the speed falls. The speed at the start is inver- 
sely proportional to the current and the speed-armature 
current curve is a rectangular hyperbola (Fig. 8’25b). Since 
the back emf is not set up until some speed is attained, the 
starting torque is powerful. So series motors are suitable 
for work requiring a big starting torque as in setting tram 
cars or electric trains in motion from rest. 

Because of high speed at light loads series motors are not 
run without some mechanical load and is coupled to the load 
through gears and not by belts, which may be torn to pieces 
when the speed is high. 
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SHUNT MOTOR : In this type of motor the field coil 
is in parallel with armature coil so the current in the field 
coil is constant and flux is independent of the load. The 
motor runs at a constant speed. Shunt motor are used for 
any drive which requires a constant speed as in driving of 
lathes. The speed-current curve is shown in Fig. 8’26a. 

COMPOUND MOTOR : This kind of motor (Fig. 8-26b) 
has both shunt and the series coils between the field and the 
armature windings. It exerts a large starting torque but does 
not acquire a high speed immediately with the removal of the 
load. The motor is therefore used in machineries where a 






Fig. 8-26 

large starting torque is necessary and the load may be thrown 
off suddenly. By adjusting the relative strengths of shunt and 
series coils, the compound motor may be given any characteris- 
tic between those of shunt and series motors. The shunt and 
series coils may be arranged to help one another (cumulative 
method) or they may be in direct opposition (differential 
method). 

Speed Regulation : The speed of a motor is obtained from 
the equation /=(F—iaRa)/^- So the speed may be regulated 
by controlling either F or N. The flux per pole depends on 
the strength of exciting current and thus if the current is varied 
the speed will vary. Since speed increases for decrease of 
flux increased speed is obtained by decreasing the exciting 
current or by decreasing the ampere-turns. 

In a series motor, the field current is diminished by a 
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diverter in the form of a resistor in parallel with the field coil 
(R in Fig. 8*25a). 

In a s/iunt motor to regulate the speed a rheostat is placed 
in series with the field coil that is with the shunt-winding 
{R in Fig 8’26-a). 

In a compound motor a regulating resistance is placed in 
series with the shunt coil (R in Fig. 8‘26b). 

Speed may also ,be controlled by varying the supply voltage. 
A variable resistance in series with the armature serves this 
purpose. 

Motor Starters : When a voltage is applied to the motor 
the armature coil acts like a low resistance circuit and the 
current is generally high. When the motor acquires speed the 
back emf is developed and the current falls to a lower value 
Thus the current at the start may be so high as to cause a 
damage to the machine. To prevent this some arrangement 
is made which comprises what is called a motor-starter. 

In series motor an adjustable resistance (/?) is connected 
in series with the field coil. There is a starter switch whose 

arm {H) moves over the 
adjustable resistance R. The 
arm of the switch is so placed 
that at the start there is some 
additional resistance in the 
circuit to bring down the 
current in the armature and 
the field coil to low value so 
as to prevent damage. The 
starter resistance is gradually decreased till at last when the 
motion gains speed the entire resistance is cut off and the 
arm reaches the point of zero-resistance position. It is held 
there by an electromagnet excited by current through the 
motor. If the supply from mains fails at any instant, the 
electro-magnet ceases to remain operative and the starter arm 
is released and thrown back to the off-position by a spring 
attached to it. 

In a compound or shml motor an adjustable resistance is 
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put in series with the field coil. A movable arm (H) while 
moving over the adjustable resistance (R) causes gradually 
increasing current to flow through the motor, till at last in the 
zero-position of the arm the entire resistance is cut off. The 
arm is held there by an electro- 
magnet (Afj^) excited by the 
field coil current. If the main 
supply stops the electromagnet 
becomes inoperative and the 
arm is drawn back by a spring 
to the off-position. Over and 
above the no-volt release there 
is an additional arrangement for Fig. 8*28 

over-load release. The electro-magnet (Afg) is energised by 
the full current supplied to the motor. If the current exceeds 
its safe value the electromagnet draws up a pivoted arm P 
which on being attracted makes contact with two studs short- 
circuiting the electro-magnet (Af^) coil. This makes Mi 
inoperative and the arm being released makes the motor 
disconnected from supply mains. 



Vni-5. ROTATING MAGNETIC FIELD 

Motnally perpendicular sinusoidal fields : Let two coils 
Cl, Cg carrying alternating currents of same amplitude and 
frequency (/) but differing in phase by it 12 be placed in 
mutually perpendicular planes. The two fields produced in the 
space between the coils represented as HoCospt and HoSinpt 
are at right angles to each other. The resultant field is given 
in magnitude by 

H = V Ho a sin ^pt -f Wq * cos’^pt - 


and the phase angle <f> is obtained as 


tan 


^loSinpLr=tanpt 

HoCos pt 


So 4> — pt — 2vft. 
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This change in phase indicates the rotation of the field with 
time. So it is obtained that the resultant field is of constant 
magnitude but its direction rotates with constant angular 

velocity 2w/. As t increases <f> also 
increases, so the rotation is anti- 
clockwise. It would be clockwise 
if the position of the coils are 
interchanged in position. If the 
fields have unequal amplitudes the 
resultant magnetic field varies in 
magnitude while rotating. 

Such an arrangement of produ- 
cing a rotating magnetic field may 
be made by energising two identical coils placed in mutual 
perpendicular positions respectively by currents differing in 
phase by ir/2 obtained from a two phase alternator. 

Rotating field produced by three coils : Consider the resul- 
tant of three magnetic fields produced by three identical coils 
placed along the circumference of a circle at angular distances 
of 120'’ (which is the angle between the normals to the coils) 
from one another and each energised by currents differing in 
phase by fw from the current in two others. Fields thus 
produced may be represented in magnitude as 

H,sin pr, HoSin HcSin (pi— 

To obtain the resultant resolve the two other fields along 
and at right angle to HoSinpi. The components when 




added up represent the resultant fields as shown below. 
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Field along sin pt, pt+sin (pt—^7r)(- cosiv) 

+ sin(pt—§n)(—cos ^ir)] 

or Hh=^HoSinpt 
Field at right angles to HgSin pt, 

H„ =Ho[0-{-sin (pt—§iT)(—sin ^7r)+s/n (pt—inX sin ^tt)] 
or = ^ Ho cos pt 

Resultant magnetic field is of magnitude given by 
Vi Ht Hsin^pt-\-cos^pt)=iH 0 

The field rotates with an angular velocity p obtained &s 
change in phase (f> given by 


tan<{,==i4^J^=tanpt 
iH, cos pt ^ 

or ^=pt=2wft 

/is the frequency of rotation of the field. 


Coaple on a coil in a rotating field : If a coil be placed 
in a rotating magnetic field, there will be induced emf in the 
coil which according to Lenz’s law tends to oppose the 
relative motion of the coil and the field. As such the coil 
rotates due to couple acting on it in the direction of the 
field. The magnitude of the couple may be calculated for 
a plane coil as shown below. 

Let the coil have an effective area A and let at any instant 

t the angular separation be- 
{p tween the plane of the coil 

and the field (H) be (ot. w is 
actually the difference of the 
angular velocity p of the 
field and Po that of the coil. 
The flux passing through 
the coil at any instant t is 
given by 



N=AH sin <ot 


Fig. 8*31 
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The emf induced is e= sin o>t) 


or e= — AHoi cos o)t=AHw sin yot — gj 

Let L be the self-inductance and r the resistance of the 
coil. Its impedance Z=y'£,*a)*-t-r*. The current in the 
coil is 


6 is the phase lag of the current behind the emf given by 
B=tan~^(Ltolr). 

The magnetic moment of the coil is Ai and it is directed 
along the normal OP of the coil. The couple tending to 
bring the normal in the direction of H is AiH cos wt. So the 
direction of motion of the coil is opposite to the direction of 
motion of the field. Regarded to be in the direction of rota- 
tion of the coil the magnitude of the couple (considered as 
negative) is obtained as 

C=—AiH cos 0 )'. == ^ ^ sin cos wt 

= — — wt cos {7 tI2+6)—cos wt 5in(7r/2+0)] cos wt 

= — ^‘^^ -[sin wt cos wt cos{nl2+6)—cos’‘wt.sin{iTl2+9)] 


Taking the average over a complete cycle 




(!+»)• 


2Z 


cos9 


Since tanB = — , cosB — . ^ 

r VL*«)»+r=» 


Substituting for Z, 


^ _ A*H^wt 
2(L»«»-t-r*) 
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The mean couple is in the direction of rotation of the field 
as indicated by the positive sign. Its magnitude depends upon 
ft), the relative angular velocity of the field and the coil. 

Let us consider that the coil is mounted in such a way 
that it is free to rotate. When appropriate current passes 
through the field coils, the movable coil begins to rotate in 
the same direction as the rotating field. The angular velocity 
of the coil increases and value of ca decreases. But the 
instantaneous couple (C= —AiHcos cot) still further increases. 
The angular velocity (p#) of the coil goes on increasing until 
the rate at which the work is done by the rotating field is equal 
to the work done by the coil in rotating in opposition to 
frictional forces. The value of <0 for which the average couple 
becomes maximum is obtained as shown below. 


^ ^ A^H*rw 

2(L2ft,a + /-a; 

dC _ Aitfaf L®ft)® + /■*— 2L®ft)® 

^ ■ 2(L*ft)»+r®)* 


Putting — = 0, we get = r* 

flft) 


or 


ft) = 


r 

I 


Again tanO = , Hence the value of 9 is itI4 for a maxi- 

mum couple. The value of the couple under this condition 


is 


tl • 


The fact that a closed coil when placed in a rotating mag- 
netic field experiences a couple is applied in practice in the 
construction of a type of motor known as induction motor. 


VIIl-6. A.C. MOTORS 

Induction Motors : This type of A.C. motor works on the 
principle of a motion of a coil produced when it is placed in 
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a rotating magnetic field. These motors are constructed to 

work on two-phase, 

— sTATOR-'^v^^^ three-phase or sin- 

Z' gle-phase current 

/ \' PHASE 

I ^m\*( inMl I MOTOR: Two 

I \',r,\l \ 'Llll'h h • pairs of pole pieces 

P-P' and Q-Q' are 
placed inside and 
at the ends of 
mutually perpendi- 

CAGE ROTOft , o 

cular diameters of 
a soft iron ring 
Fig* 8*32 Individual phase 

currents differing in phase by 7r/2 from a two-phase A.C. 
supply are passed through the coils of each of the pairs of 
poles. The currents in each pair of coils are so directed that 
in between them there are two alternating magnetic fields. Due 
to action of mutually perpendicular sinusoidal fields a rotating 
magnetic field is produced inside the ring which is of constant 
magnitude but makes a complete revolution during a complete 
cycle of alternating current supplied. 

If a conducting rectangular loop free to rotate is mounted 
inside the ring a current will be induced in it and the coil is 
acted upon by a torque which causes it to rotate in the same 
direction as the field. This is the motor action. It may be 
noted that the rotor itself is not supplied with any current 
from external source. 


Rotors ; In a practical form of induction motor, the rotor 
consists of a core or drum of laminated soft iron discs of high 
permeability. There are slots in the drum in which copper 
bars are placed these being short-circuited at the ends by rings 
of copper. This type of rotors is called ‘squirrel cage’ rotor. 
In these the windings are permanently short-circuited and 
‘starter resistance’ cannot be joined. This type of rotor is used 
only for small motors. There is another type known as 
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‘phase wound’ rotors. These are provided with distributed 
winding and for starting purpose they are connected with 
starting resistance. 

SINGLE PHASE MOTOR: The field produced by a 
single-phase winding is alternating but it is not a rotating one. 
A single alternating field may be looked upon as the resultant 
of two equal fields rotating with equal angular velocity in 
mutually opposite directions. 

Let two rotating fields of magnitude and angular velo- 
city p coincide at any instant along OX (Fig. 8'33). After an 
interval t one field advances in the 
positive direction through an angle 
pt and the other in the negative 
direction from OX. The compo- 
nents along OY are respectively 
H f,cos{vl2—pt) and HgCos(irl2+pt). 

These two mutually cancel. The 
components along OX are HgCos pt 
and HoCos(—pt), the latter being 
equal to HgCospt. Hence the resul- Fig. 8-33 

tant along OX is 2HgCospt. This proves that a single 
alternating field in any direction may be considered as the 
resultant of two equal fields rotating in mutually opposite 
directions. The component fields have the same frequency 
as the resultant but amplitude of each of them is half of the 
resulting field. 

If the rotor in single alternating field has an initial rotation 
both the rotating fields, as considered in the above, produce 
torque but in mutually opposite directions. The angular 
velocity of rotation relative to one field diminishes and relative 
to another increases, ultimately it becomes zero for one. The 
torque due to the other component of the field remains 
effective and the increase in velocity ceases when the 
mechanical work creates a balance. The coil as such runs 
as a motor rotating in the direction in which it is given a 
start. The direction of rotation can be reversed by reversing 
the conncetions to one coil. 
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In order to make the motor self-starting with a single- 
phase current an initial rotation of the armature is necessary. 
In order to obtain this one of the windings (Fig. 8*34) called the 
starting winding (S) 'is placed at half-a-pole pitch (90°) distance 
of the other (main) winding (Af) and in parallel with it. The 
necessary phase difference is obtained between the currents 
in the two windings by any of the following methods. The 
motor consisting of arrangement of dividing the circuit in two 
parallel paths is known as a split-phase motor. 

(i) Capacitor starting : A condenser in series (Fig. 8'34a) 
with the starting winding advances the phase of the circuit in 
this winding. The phase difference of 90° may not be possibly 
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Fig, 8-34 

obtained but the effect created enables the motor to start. 
The condenser may be cut out after the motor has gained 
speed or it may be left as it is, causing the motor virtually 
to work as two-phase machine. This method is greatly 
favoured now. For better performance the value of the 
capacitor when the >motor is running should be different from 
the value when starting. For this purpose two condensers 
(Cl, Ca) are taken in parallel, one being cut out by a centrifugal 
switch when the motor has gained speed. 


(ii) Resistor starting : A non-inductive resistance is placed 
in series with the starting winding. This tends to minimise 
the phase difference between the current and emf in this 
winding relative to that in the main winding. This causes 
the motor to stort. When the motor has gained speed, the 
starting winding is cut off by a centrifugal switch. 
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(iii) Reactor starting : A choke L (Fig. 8‘34-6) in series 
with the starting winding (S) provides for the creation of a 
rotating field. When the motor has gained speed, the starting 
winding is cut off. The resistance R in series with the main 
winding is for limiting the current during starting and is cut 
out when the full speed is obtained. After the circuit of the 
starting winding has been cut off the motor runs on the main 
winding only. 

POLY-PHASE MOTOR : Three-phase induction motor 
is more extensively used than in any other form of A.C. motor. 
The principle of working is based on the creation of a rotating 
magnetic field (§VIII-5) by means of three coils carrying 
current of three phases differing mutually by 120° and also 
placed at 120° apart from one another along the circumference 
of a circle. Three phase alternating current feeds the coils of 
such motors. 

SLIP IN INDUCTION MOTOR : The couple acting on 
the rotor is proportional to the relative velocity of the rotating 
magnetic field at the rotor. Hence the motor must not run 
with the same speed as the field. Hence such a motor is 
called an asynchronous motor. Though the rotor would rotate 
theoretically at the same rate as that of the field there are 
reasons for this to be otherwise. At the synchronous speed 
the rotor current is zero and so the torque would vanish. 
Hence the actual speed becomes less. At no load the two 
speeds are nearly equal. When the load is applied the speed 
of the rotor falls to such a value at which the rotor current 
is just sufficient to provide for the increased torque necessary 
for the load. The difference between the synchronous speed 
and the rotor speed is called slip. It is usually expressed as a 
fraction of the synchronous speed. If p and po are the angular 
velocities of the field and rotor, then 

(P—Po) is the absolute slip 

PtPo is the fractional slip 
P 

and X 100 is the percentage slip 

C.E.— 21 
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Synchronoiu motor : Just as a D.C. generator can be 
made to run as a motor, an alternator may also be worked 
in a similar way. Suppose that the stator (armature) core of 
an alternator is excited by an A.C. supply. The poles of a 
rotor (excited by D.C. and nature of poles remaining fixed) 
would be acted upon by a torque due to armature current. 
It will be in the same direction for all conductors. But at 
the end of each half-cycle, the armature current is reversed 
and the direction or torque also becomes opposite, so due to 
inertia the rotor would not move at all. Consider that the 
rotor has an initial speed which causes it move through one 
pole pitch in each half-cycle. Under this condition the current 
in each stator conductor is reversed when it finds the next 
opposite pole facing it. So the direction of the torque exerted 
by the armature conductors remains unchanged and the rotor 
continues to move. Hence the machine runs as a motor with 
contstant speed. Synchronous motor will have the same 
relationship between frequency (/), revolutions per second (n) 
and the number of poles (P) as the alternator, i,e.f=nP. 

A synchronous motor working on a supply of fixed 
frequency will run at that particular speed at which it would 
have to be driven while functioning as an alternator to 
produce cmf of the frequency supplied to it when working 
as a motor. A synchronous motor is of constant speed and 
requires start and synchronisation before it is loaded. 

Universal motor : Series wound D.C. motor would run on 
A.C. as well. In such ^ motor the same current flows through 
the field and the armature coils. The torque produced is 
proportional to the square of the current and hence alterna- 
ting current does not cause any disturbance regarding the 
motor action. But there would be undesirable effect due to 
eddy current and hysteresis. In order that the eddy current 
may be minimum the core of the field magnet must be lamina- 
ted. Hysteresis effect must be low, otherwise there will be 
profuse heat production causing damage to the coil. For this 
* special type of iron should be used. 



ELECTRICAL TECHNOLOGY 


323 


Tin-7. POWER MEASURING DEVICES 

Wattmeters : These are calibrated instruments for meas- 
uring the power consumed in an electrical circuit. 

DYNAMOMETER-TYPE INSTRUMENT: It is essen- 
tially an electric motor containing a field coil (fixed) and a 
moving coil. The current (/) in the load circuit is fed into 
the field coil. The mov- 
ing element which is 
directly connected to the 
supply voltage carries a 
current (i') proportional 
to the voltage e. The 
fixed coil sets up a 
magnetic field and the 
moving coil has a magne- 
tic field along its own axis. The moving coil thus urged by 
torque tends to set its magnetic axis in line with that of the 
fixed coil. The moving system is controlled by a spring 
attached to it. The turning moment is proportional to the 
product of the current (i.i') in the two coils. The restoring 
torque due to the spring is proportional to the deflection 6. 
In the deflected position the deflecting and the restoring 
torques are equal and hence 

6 oz i.i’ ac ei oc P (Power consumed) 

The instrument may be used in A.C. and D.C. circuit. When 
used in A.C. circuit the torque is proportional to the product 
of voltage CoHin wt and the current ioSin where cos ^ 

is the power factor. • 

Torgue oc CgSin o)t. I'o sin 
Average torque oc <l> oc P 

So in A.C. circuit also the deflection is proportional to the 
power. 

The dial of the instrument is calibrated in power units and 
a pointer attached to the moving system indicates the power. 

INDUCTION TYPE WATTMETER : It is an A.C. ins 
trument. The current and voltage used in a circuit are 
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separately applied in the instrument to excite separate magnets 
creating separate fluxes. The flux produced links up with a 
light copper or aluminium disc. Eddy currents are produced 
in this disc separately by fluxes due to potential and current 
elements. Torque is produced by the action of flux on eddy 
current. There will be two sets of flux and two sets of eddy 
current. The flux due to potential element produces a torque 
on the eddy current due to current element and similarly the 
flux produced by current element exerts a torque on the eddy 
current due to potential element. These two torques cause a 
deflection of the disc which is a measure of the power absorbed 
m the A.C. circuit involved. 

The applied emf excites the potential elements which is an 
^ectromagnet of shell-type made up of laminated core. 



Fig. 8*36 

The flux (iV„) produced is proportional to the voltage in the 

circuit and lags in phdse be g relative to the supply voltage. 

The magnetic circuit inside the shell is broken by a small 
air gap. There is thus considerable leakage flux which is 
embraced by the disc below it and causes an induced emf 
(e«) in the disc, nil behind in phase with the flux which again 
is «r/2 behind the supply voltage. Hence e„ is in opposite 
phase with E, the supply voltage. The eddy current produced 
in the disc by i.e. by the potential element flux is in 
phase with e„. 
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The current element produces a flux in a U-shaped magnet 
below the disc. The flux AT* is proportional to and in phase 
with the supply current (ij. This 
flux produces an induced emf 
and current both in the same 
phase and 7r/2 behind the flux. 

The vector diagram (Fig. 8'37) 
shows the emfs and currents. 

The phase difference between 
supply voltage and load current is 6, which is also the phase 
between and /f. The phase difference between Ni and 
/* is {ir-O). 

The disc is subject to two torques as shown below. Torque 
due to interaction between and is 

T.^=N^i^ cos6=^K^Ei cos 6 

Torque due to interaction between Nt and is 
= cos {iT—S)=K^Ei cos 9. 

The resulting torque is the difference between the two and is 
proportional to average power Ei cos 9. 

The instrument has a spiral control, the deflecting torque 
is equal to the restoring torque due to the spring. The shift 
of the zero position of the disc over a calibrated scale indicates 
the watts. 

VIlI-7. ENERGY METERS 

Watt-hoar Meter : The instrument is intended to measure 
total energy consumed in a circuit during interval. Wattmeters 
with an attached integrating device are used for this purpose. 

ELIHU-THOMSON TYPE : It is an electric motor. The 
armature coil is connected to supply voltage. It has a high 
resistance (R) in series. A small current proportional to the 
supply voltage {E) flows through it. The field coil in series 
with the load circuit is fed by the load current (0- It has 
low resistance. When the load is applied the armature is 
subject to a field proportional to the load current. The torque 
T developed is proportional to the currents respectively in 
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the armature and field coils. The speed produced by the 

torque on the armature 

is controlled by the 
counter torque, generally 
obtained from a magn- 
etic brake. It consists 
of a circular metal disc 
(copper or aluminium) 
attached to the shaft of 
the armature. The disc 
rotates through the poles 
of two C-shaped 
permanent magnets. Any radius of the disc during its rota- 
tion cuts the field of the magnet and there is induced eddy 
current in it. The eddy current reacts with inducing field and 
produces a drag upon the rotating disc. The disc and cons- 
equently the armature shaft both rotate with constant speed 
for a particular value of power consumed. 

Torque T oc 


OiM) 


Angular velocity o) oz - 
K 

If number of rotations in time t is n, then n=ct)t, hence 

Eit 


Since energy consumed in time t is }V=Eit, so n oc W. 

To have a record of the total number of revolutions in an 
interval, the shaft is provided with a worm at the top which 
meshes with a reducing train of gears. The last gears are 
connected to pointers on the cyclometer type of dials calibrated 
in kilowatt-hours. 

The meter may not run at all at very light loads because 
of the bearing friction. A coil (C) having a few turns of 
wire is connected in series with the armature coil and placed 
in a position parallel to the field coil. The coil produces a 
constant torque (irrespective of the load) arranged to be just 
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sufficient to overcome the friction. The load adjustment is 
made by shifting the permanent magnets towards or away'; 
from the centre. 

INDUCTION-TYPE A.C. METER : An induction type 
wattmeter described is in a modified form converted into an 
energy meter. The control spring is replaced by brake mag- 
nets causing the disc to rotate at constant speed. It has been 
shown that the torque on the disc is proportional to the 
power and when it rotates due to a constant power supply at 
a constant speed, the number of revolutions preformed in an 
interval is proprotional to the enregy consumed in the period. 
The total number of revolution is recorded ay KWH units 
in an integrating device. 

AMPERE-HOUR METER : In house supply where the 
voltage is maintained constant, simpler type of instruments 
are used to record (currant x time). One common form of this 
ampere-hour meter is Ferranti’s mercnry meter. 

A thin amalgamated copper disc (C) is mounted at its 
centre in jewelled cup bearings inside a shallow pan of a non- 
conducting material. The 
space inside the pan is 
filled with mercury. Two 
C-shaped magnets are 
placed on two sides of 
the disc with their poles 
one above and the other 
below the disc. The load 
current is led into mer- 
cury and therefrom it 
passes through a radius of the disc and the spindle and returns 
to the line. Any radius of the disc may be considered as a 
conductor lying under the poles of a magnet (driver magnet). 
The magnetic field produces a torque proportional to the 
current and causes the disc to rotate. During rotation the 
disc cuts through the field of (brake) magnet and induced eddy 
currents in the disc causes a counter torque. The speed of 
rotation increases till the deflecting and the restoring torques 



Fig. 8*39 
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are equal. Under such a condition the disc rotates with 
uniform speed proportional to the load current. 

The spindle has gear wheels and recording dials attached 
with it. The number of revolutions in any interval is propor- 
tional to (current X time). If the supply voltage is constant^ 
this number is also a measure of energy consumed. In calibra- 
ting the dial the number of revolutions are converted into 
Kilo-watt-hours by* calculating the value of (volt x ampere X 
hours) corresponding to the observed value of number, of 
revolutions, proportional to (ampere x hours) and assumed 
constant value of voltage. 

It may be noted that this form of meter may be used with 
D.C. supply only. The record of the instrument will be some- 
what above the actual consumption in KWH when the supply 
voltage falls to a value lower than that used while calibrating. 
So this form of meter will be a softrce of loss to consumer 
if the supply concern be not particular about maintaining the 
supply voltage at the scheduled maximum value. 


VIII-8. FREQUENCY METER 


Direct Reading Instrament : Frequency of an A.C. supply 
may be obtained directly from the dial reading of a calibrated 

frequency meter. Inside the 



Fig. 8*40 


space bounded by two mutua- 
lly perpendicular pairs of coil 
AA-BB a soft iron needle 
(N) is mounted on a spindle. 
The needle carries a pointer 
free to move over a calibrated 
scale. Each pair of coil has 
a resistance and a reactance 
in series. The inductance 
of one pair and the resistance 
of the other pair are in 
series across the supply. So 
any increase of potential drop 


in inductance in Lb causes in corresponding decrease in 
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Consider that the pointer remains symmetrical on a scale for 
a definite frequency (say 50 c.p.s.) of the supply voltage. If 
the frequency increases the reactance of will increase and 
this causes a rise of voltage across Lg and a fall of voltage 
across the resistance The rise of frequency also causes the 
reactance of to increase. These two effects result in the 
rise of current in B and fall in A. As a result the needle 
would be deflected to come more in line with coils B~B. A 
decrease in frequency would show opposite effect. A calibra- 
ted scale would directly give the value of the changed frequency. 

EXERCISES ON CHAPTER VIII 

8*1. Obtain an expression for the emf generated in a 
straight conductor moving at right angles to a uniform 
magnetic field. How can this emf be made continuous ? 
Hence explain the principle of a dynamo. 

8*2. Describe the essential parts of a D.C. generator and 
explain with the help of Gramme-Ring armature the emf 
developed at the terminals of the machine. What are the 
disadvantages of this type of armature ? 

8’3. Describe the drum-type armature of a generator. 
Indicate the differences between Lap and Wave windings. 
Show by diagrams the modes of winding in the two types. 

8’4. Obtain the equation for the emf generated in a D.C. 
dynamo. 

Calculate the speed at which the armature of a 6-pole D.C. 
dynamo having 664 wave-wound conductors in a field of 
6x10® maxwells must be rotated to generate an emf of 
500 volts. * [ Arts : 250 r.p.m. ] 

8*5. What is armature reaction in a dynamo ? What 
should be done to combat with this ? 

Describe different ways of combining the field and the 
armature coils in a D.C. generator and discuss the charac- 
teristic of each form. 

8‘6. Describe the essential parts of an A.C. generator 
and explain the difference between single phase, two phase 
. and polyphase machines. 

Obtain the equation for the emf generated. 
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8*7. Obtain the expression for the frequency of the emf 
generated by an alternator in terms of number of poles and 
revolutions per second. 

Calculate the frequency of the emf generated in a 12-pole 
generator if it rotates at 500 revolutions per minute. 

[ Ans : 50 c.p.s. ] 

8*8. Draw diagrams to show the distributions of emf from 
three-phase star-w6und and delta-wound alternators. 

What are meant by phase-voltage and line-voltage ? Obtain 
the relations between them. 

8*9. Describe the principle of a D.C. motor and obtain 
an equation the torque acting on the armature. What is back 
emf in a motor ? 

‘Back-^w/ makes the motor a self-adjusting machine’— 
explain. 

8*10. Explain the difference between a series and a shunt 
motor. 

Why should a motor require a starting resistance ? Explain 
the working of the motor starter attached to (a) series motor, 

(b) shunt motor. 

8*11. What is a rotating magnetic field? Discuss its 
productions by (i) two coils, (ii) three coils. 

Obtain an expression for the torque acting on a coil placed 
in a rotating magnetic field. Hence give the outlines of cons- 
truction of an induction motor. 

8*12. Describe the principle of an induction motor. What 
is slip in such a motor ? 

Explain how an induction motor can be run with a single- 
phase current. 

8*13. Describe and explain the working of a wattmeter. 

8*14. (a) Indicate the working of an energy meter, (b) Des- 
cribe an induction type energy meter. 

8*15. Write notes on : 

(a) Synchronous motor 

(b) Ampere-hour meter 

(c) Frequency meter 

(d) Split-phase motor 

(e) Universal motor 
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UNITS AND DIMENSIONS 

IX-l. DIMENSIONS 

Expressing a physical quantity in fandamental units : Units 
of mass, length and time are known as fundamental units. 
Other physical quantities are measured in various separate 
units. But whatever may be the principle of fixing such 
standards or units of measurement, each of these can be 
expressed in terms of the products of fundamental units raised 
to various powers. The power to which any fundamental unit 
is to be raised in expressing any other physical quantity is 
called its dimension. As for example volume may be expressed 
as products of three lengths. So unit of volume is of the third 
dimension of unit of length. Similarly, since velocity is 
measured as length/time, if expressed in dimensions of funda- 
mental units unit of velocity should be shown as 
For the same reasons, acceleration has the dimensions [LF"*]. 
Force measured as mass x acceleration is written in dimen- 
sional equation as [F\ = [MLT'^. Any other physical 
quantity may be expressed in a similar equation involving Af, 
L and T. 

Electrical units : Units for measurement of different electri- 
cal quantities have been defined from various electrical proper- 
ties. Whatever may be the considerations in definining any 
such unit, it is possible to express it in dimensions of funda- 
mental units. There are two systems of defining an electrical 
unit, electromagnetic and electrostatic. Different unit in 
the two systems have been obtained from different properties 
of static and moving charges. Whatever may be basis 
of defining a particular unit, expressed in fundamental units 
a quantity must have the same dimensions in both the systems. 
The study of such similarity reveals some important facts 
about the nature of electricity. 
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Dimensions of different electrical units may be obtained 
in consideration of the physical relation between them. These 
may be developed in a logical sequence from the fundamental 
property of moving or static charge, the force action. These 
are shown in the following sections. 

IX-2. DIMENSIONS OF ELECTRO-MAGNETIC UNITS. 

t 

Strength of magnetic pole : The interaction between two 
magnetic poles is in the nature of a force. Force acting 
between two poles of strength m and m separated by a 
distance r, in a medium of permeability is calculated from 
the formula deduced from experimental results and written as 

r. mm 

jjur^ 

In this equation /a is a quantity whose value in vacuum 
is taken to be 1 to have a convenient unit of measurement 
of pole strength. According to this convention force between 
two unit poles (m=m'=l) separated by unit distance (r= 1 cm) 
becomes one dyne in air. Though according to this assump- 
tion /X is a numerical constant (for air ^=1 for practical 
purpose) it is really not so. It is in fact, a quantity with 
dimensions, which, however cannot be ascertained. 

Considering the equality of dimensions of fundamental 
units involved on both sides of the aforesaid equation, we may 
write, 

So dimensions of m is obtained as 

[m] = V] 

Magnetic field strength : To make an estimate of field 
strength it has been assumed that a pole of strength m ex- 
periences a force mH in a field of intensity H. Hence accord- 
ing to this definition, the product mH is a force in dimensions, 
so 
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Considering dimensions on both sides, 

or [h] = [jW^L‘^r'V‘^1 

Magnetic Induction : Using B=p.H 

Magnetic Flux : Using Flux (JV)= Induction (5) x Area 

[n] = [ix^M^L^T-^] 

Electric Current : The strength of current flowing through 
a conductor is estimated by its magnetic effect. The field (H) 
due to a conductor of length 8/ in a direction at a distance r 
when a current i flows through it is measured as 

H = ^ 


or 


i 


JL-lL 

SLsinO * 


Considering dimensions, 


r .1 

^ ^ IL] 


sinO is a ratio and has no dimensions, hence 


[ i ] = 


Electric charge : The quantity of charge {Q) carried out 
by a current i in time t is according to definition of unit 
charge is 

Q = U 

Hence [ 0 ] = T' 

Electromotive force or Potential difference : If an emf trans- 
fers a charge Q between two points differing in potential 
by V, the work done is given by 

W = VQ 
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The dimensions of emf and potential are same. 

Resistance : According to Ohm’s Law, the resistance (R) 
is related to potential difference (V) and current (/) in the form 
expressed as 


R = r 


or [R] = 




U 1 /I 

^L^L- 


i=[L7’-y] 


Inductance : Induced emf (e) in an inductance ( / ) is 
measured as 

e= -/A 


or 

So [/] _ 

Capacitance : Capacitance of a charged conductor is cal- 
culated as the ratio of its charge (Q) and potential (K) 

C=f 

[C] = 

Electric intensity or field strragth ; The force on a charge 
(0 in a field of intensity E is F=EQ, hence 

(F)=[EQ] 


or [MLT- »]=[£] 
so 
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IX-3. DIMENSIONS OF ELECTRO STATIC UNITS 

Electric charge : Force between two charged bodies forms 
the basis of fixing electrostatic units of measurement. Two 
charges Q and Q' separated by a distance r, in a medium of 
dielectric constant K experiences a force measured as 

p— QQ 
Kr^ 

or [e*]=[Fr»A] 

or [Q] =[MLT-*KL^f=[M^L^f'^K^ 


K though considered as a numerical constant, it is not 
so. It is a quantity having dimensions, which however cannot 
be ascertained. 

Potential difference : The work (IF) involved in the trans- 
ference of charge (0 between two points having a potential 
difference (F) is measured as 

W=- QV 


or 


or 


-I 


[K] = = r 


dV 

Electric Field : Using, electric intensity £=—— 

\.E] = [V] [L-i] 

Electric Induction : Using, electric induction D=KE 

9 

[D]=[M^L'h'"'K^ 

Electric current ; Current (i) is measured as the rate of 
flow of charge (0, so 

t 


or [i] = 


[T] 
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Capacitance : Capacitance (C) is measured as the charge 
(0 required by a capacitor to raise its potential {V) by unity,, 
hei^ce 

c=8 

or [e]= U*L»r~‘Kt] ^ ^ 

Resistance : Resistance according to Ohm’s law is the 
ratio of the potential difference ( V) and the current (i). 


or 


[L-^TX-i] 


Inductance : If / be the inductance, energy (W) stored in 
a coil carrying a current i is given by 

or [ML=«r- *] = [/] [MLS r-‘^] 
or [Q=iL-^T’‘K-^]. 


IX-4. RATIO OF TWO UNITS 

Dimensions of Kjj. : It may be observed that as expressed 
in dimensions of mass, length and time, the same electrical 
quantities in the two systems of units are found to have 
dissimilar dimensions. It seems unreasonable. This apparent 
discrepancy lies in the fact that the dimension of ju and K 
have not been considered. As the quantites fi and A have 
been taken as constant numbers in fixing up certain units, 
dimensions of and K cannot be obtained by any logical 
deduction. By equating the dimensions of same electrical 
quantity in the two systems we can obtain the dimensions 
of (Kix) taken together. 

Let the capacitance of a capacitor measured in e.5. unit 
and e.m. unit respectively by C, and 
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Considering that since they represent the same quantity 
their dimensions must be same, so we may write, 

c,[£A:]=cjL-irv-^] 



The dimensions of — is that of velocity and its magnitude 

(for the same medium) is given by VCg/CV This numerical 
quantity can be obtained by measuring the capacitance of the 
same capacitor in two units. By experimental determination 
of the capacitance of an air condenser in the two systems of 
units separately the magnitude of lly/Kfji. is found to be equal 
to 3 X 10’^°. Since this has the dimensions the value of lly/Kjl 
for air or vacuum is found to be 3x 10*°centimetres per second. 
This is also the velocity of light in vacuum. So denoting c as 
the velocity of light in vacuum and as the permittivity 

and permeability of vacuum respectively, measured in the 
same system of units, we may write 


"v/ 

As a quantity without dimensions c would mean a ratio having 
a numerical value 3x 10^°. 

Likewise the ratio of other electrical quantities measured 
in the two systems may be obtained as shown below 



Maxwell’s conceptions : The fact that 1 is a quan- 
tity having its value in magnitude and dimensions equal to the 
velocity of light in vacuum led Maxwell to the idea that there 
is some connection between the propagation of light and 
electricity. Hence he conceived the postulate that light waves 

C.E.^22 
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are electromagnetic in nature. He eventually established the 
fact by means of mathematical equation (see Chapter X ) 
relating to the electric and magnetic conditions of space when 
it propagates light waves or more generally bringing in the 
conception of electro-magnetic waves. Thus the idea of 
material light waves propagating through the hypothetical 
medium ether could be discarded. 

Experimental determination of Ratio of units : The ratio 
of the dimensions of any electrical quantity in the electrostatic 
and electromagnetic units is found to be dimensions of velocity 
itself or velocity raised to a power, positive or negative, 
integral or fractional. The magnitude of the ratio can be 
obtained by measuring the same electrical quantity in the 
two systems of units. For this purpose the capacitance of a 
condenser is measured by two separate methods involving 
electrostatic and electromagnetic units. 

A condenser is made by fixing layers of tin foils upon two 

sheets of glass. One of the 
tin foils is circular having a 
guard-ring. The two glass 
plates are placed with metallic 
surfaces lying face to face 
separated by air. The plates 
are held in position by ebonite separators (Fig. 9'1). 

CAPACITANCE IN E. S. UNITS : The capacitance 
of a parallel plate air condenser is obtained from the formula 



where A is the area of the circular plate and d is the distance 
separating the two plates. 

CAPACITANCE IN E. M. UNI fS : In electromagnetic 
unit the capacitance may be measured either by a ballistic 
galvanometer or by Maxwell’s method. 

(a) Ballistic galvanometer method : The circular plate is 
charged to a high potential (V) and condenser is discharged 
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through a ballistiic galvanometer. If 0 be the observed throw, 
A the log-decrement, Cm the capacitance and Q the charge, then 


V=Q= 0 
^ 2itAH 


(■+-2) 


(i) 


The galvanometer constant KjAH is eliminated by obtaining 
a steady deflection Og for a known current produced by 
applying a small potential across a high resistance R so as 
to cause a current i=V^lR to flow through it. For the 
deflection 6o, 


iAH^Kd^ 

or ^AH=<0, 
R 


or 


=Zi 

AH R0O 


From (i) and (ii) 


C„= 


V^T 0 
2nVR ' 00 



(ii) 


r, the period of the suspended system is to be obtained by 
direct observation. is calculated from the foregoing 
equation. 


(b) Maxwell’s method : If a condenser be placed in series 
with a battery and a galvanometer it will receive a charge e.C^, 
where e is the emf of the battery and Cm is the capacitance of 
the condenser in e.m. units. As soon as the circuit is closed 
the galvanometer shows a throw but there is no steady deflec- 
tion. If the condenser is short-circuited it is discharged. 

Let an arrangement be made so that the galvanometer may 
be charged and discharged in quick succession, say «-times 
per second. In such a case the charge flowing per second is 
neCm , which is equivalent to a steady current of same 
magnitude. If the frequency n be very high and the galvano- 
meter has a long period of oscillation compared with l/n, the 
intermittent currents through the galvanometer will produce a 
steady deflection. 
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Such a rapid charge and discharge may be arranged by an 
electrically maintained tuning fork of known frequency with a 
rocker connected with the prong or by a revolving commutator 
system. The electric connections are as shown in the diagram 

(Fig. 9'2). When the rocker 
(D) is in contact with a, the 
condenser gets a charge and it 
is discharged when the rocker 
moves upto d. Again in the 
same circuit the condenser with 
the vibrator arrangement is 
replaced by a variable resistor 
r in the circuit. Generally r 
will be very high, so the galvanometer and the battery 
resistances may be neglected in calculation of current, r is 
so adjusted that the deflection becomes equal to that shown 
during charge and discharge. So the current through the 
galvanometer may be obtained as 

* =y = neCm 

or Cm = - 
nr 

Hence from the two experiments giving the values of Cg and 
C„, the value of v't’e/C^ may be calculated and value of C 
obtained. 

This method of determining the ratio of units is also an 
indirect method of determining the velocity of light. 

The experiment described shows that for a rapid charge 
and discharge a condenser included in a battery circuit 
behaves as a resistance. The equivalent resistance of a con- 
denser in such a case may also be obtained, instead of subs- 
titution method, by a wheatstone bridge arrangement as 
described overleaf. 
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Maxwell's bridge for determining the equivalent resistance 



Fig. 9-3 


of a capacitor : The condenser 
with the vibrator arrangement 
is placed in the fourth arm 
of a Wheatstone bridge. The 
arrangement is shown in the 
diagram (Fig. 9’ 3). For a 
balance in the bridge the 
potentials at B and O are 
same, i.e. 

Vb=Vo 

or ... (i) 


and i^R^ = V, the potential of the condenser ... (ii) 


But i^=nVC„^ 


(iii) 


By substitution in (i), the value of j’l and i, as obtained 
from (ii) and (iii), we get 


nVC^=V. 


Rx 

R. 


Hence 

nr /<a 


ILLUSTRATIVE EXAMPLES 


1. Calculate how many electromagnetic unit of capacitance 
is equal to 1 electrostatic unit of capacitance. 

IQ* 

Solution : Energy of a charged condenser 

electrostatic system a condenser having 1 e.s.u. of capacitance 

and 1 e.s.u. of charge has an energy given by 

1 1 2 1 
W=l . } erg 

The energy of the same condenser with same charge the 
magni tude being expressed in e.m.u. will be the same in ergs. 

1 e.s.u. of charge= ^^^Q Yo e of charge 
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Hence W'= 2 |ix ergs. 

Equating the two the expressions 
— XIU -2C„, 

or C„=l.llxlO-i» 


Alternatively, 


Ce[z,/i:,]=c„.[L-"rv.-"] 




So 


or 


H'o 


c»= 


1 


9x10*° 


= 111x10-1“ 


2. Express 10* e.m. units of inductance in e.s. units. 

Solution : in[Lpo]=ig[L-^T*Ko'^] 

ie ^o[^o 

or '’5=C® = (3xl0i°)®=9xl0®° 

or ig = — — 

® 9x10*° 9x10*° 

or ig=l'll X lO'i® e.s.u. 

3. Calculate IpF capacitance in e.s, unit. 

Solution : Let IpF capacitor be charged with a p.d. of 
1 volt. 


Energy=|CF* = ^x 10"® x 1* joule 

=^X 10** X 10’ =5 ergs. 


Let 1 pF be equivalent to x e.s. units of capacitance, its 
energy when a p.d. of 1 volt, i.e. e.s. units is applied will 
be also 5 ergs. 


So 


Ixx-i— 

2 ^^(300)* 


=5 ergs 


or jc=9xl0®. 
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IX-5. ABSOLUTE DETERMINATION OF UNITS 

CoDstraction of standards : The electromagnetic unit of 
current has been defined from the force action on a magnet. 
Galvanometer is a current measuring device. But it cannot be 
used to give an absolute measure of current based on definition. 
This is because of the difficulties and uncertainties involved in 
determination of constants. Ammeters and voltmeters are 
calibrated instruments. But calibration requires comparison 
with measuring devices giving absolute values as demanded by 
the definition of units. Further, only current measurement is 
not sufficient for determination of all electrical quantities. 
Ohm’s law corelates current, electromotive force and resistance. 
If methods are devised for absolute measurement of two of 
these, the third may be determined by application of Ohm’s 
law. For this purpose, we have got methods for absolute 
measurements of current and resistance. 


K-d. DETERMINATION OF OHM 


Rotating Coil method : This is the method adopted by 
British Association in 1863 for constructing a standard of 
resistance. 


A closed coil of radius a having n turns each of area A 
has a total resistance R, The coil 
is capable of rotation about a ver- 
tical axis at a high speed (angular 
velocity co). A small magnet free 
to rotate, is kept at the centre of 
of the coil. When the coil is rota- 
ted, the field due to the induced 
current in it causes a deflection of 
the magnet by an angle (say 6) from the magnetic meridian. 

At any instant, the magnetic needle is acted upon by 



(i) the magnetic field (F) at the centre of the coil due to 
induced current. F acts in the direction of the normal to the 
plane of the coil. 
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(ii) the earth’s horizontal magnetic field (Ho)- The induced 

emf in the coil is given hy e= The normal flux (A/’) thro- 

at 

ugh the coil due to earth’s field at any instant when the plane 
of the coil makes an angle tot with the direction of H, is 
nAHoSin tot. 


Hence c= - ^ (nAHoSin (ot)= —AnHot» cos tot 

at at 

and the induced current i = cos (tot— 4>) 

VR^+L’^to^ 


L is the self-inductance of the coil and tan 




Lto 

If ■ 


The magnetic field (F) due to the current at the centre 
of the coil is F=27Tnija, acting at right angles to the plane 
of the coil. Its component F^ at right angles to the magnetic 
meridian, and the component F^ acting in the same direction 
as the magnetic meridian are obtained as shown below. 


F _ 2^' _ jz!? . nAHpto — (tot—<f>) cos tot 

a a Vr^+L^w^ 

Its average value over a complete cycle is 




”n^^H,to ^^cos4> 

+ V'F*+L®to* 


Again jin tut — cos(tot—<f>)sintot 

Average of over a complete cycle is 

^ ^ Trn^AHoto _ 77^/1 » a Hpto ^ 

aVR^+L^to^ 


So deflection 9 of the magnet considering its equilibrium 
in mutually perpendicular fields is obtained as 


tand = 


- 

Ho-f" 


iT‘n^aH,to cos 


Ho 


_'n^n^aHoto 

VR^+L^to* 
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or 


tan 0 = 


'j T^n^aw cos 0 

V —7T^n^ao}sin<f> 


This equation gives the value of R in e.m. units in terms 
of 0, <l>, L, o), n and a ; the magnitudes of these may 
be obtained directly from experimental procedure and 
observations. 

If L is so small that ^ 0, then cos^ 1 and sin^-^ 0, 

R 

in such a simplified case 


ton0= 


TT^n^ao) 


or R=7T^n^ao)Cot0. 


The effect of torsion in the suspension fibre and of the 
field due to the suspended magnet itself are the corrections to 
be applied for accurate determination. 

Lorenz's method : A copper disc (D) is placed inside a 
coil {A) carrying a current from a battery. When the disc 
is rotated about horizontal axis an emf is generated between 
the centre and the circum- 
ference of the disc due to 
the fact that during rota- 
tion any radius of the disc 
cuts the flux inside the 
coil produced by the current 
flowing through the coil. 

To avoid generation of 
emf due to rotation in the 
earth’s field the disc is 
placed in the magnetic 
meridian. The induced emf at the ends of any radius (say 
OC) of the disc may be balanced against the potential drop 
across any suitable resistance {R) placed in series with the 
coil. The balance may be observed in a sensitive galvano- 
meter (G) included in the circuit. The null in the galvano- 
jneter is obtained by adjusting the speed of rotation of the disc. 
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Let i be the current flowing through the coil and the 
resistor. If M is the mutual inductance between the coil 
and the disc and n is the number of revolutions per second 
of the disc, then the induced emf at the ends of OC is wm/. 
The potential drop at the ends of R is Ri Hence when a 
balance is obtained, we have 

Ri=nMi 
or R=nM, 


M is calculated by applying a standard formula concern 
ning dimensions of the coil and the disc. 

EXPERIMENTAL ARRANGEMENT: In actual expri- 
ment two coaxial coils are used and the disc is placed inside 
the coils in a symmetrical field. To counter balance the emf 
that may be produced (0 due to thermal effects and (ii) for the 
disc being not exactly in magnetic meridian a suitable emf is 

introduced in the 
circuit through the 
ends of a resistor 
Rg. When the coil 
carries no current, 
the disc is made to 
rotate. If there be 
any deflection due 
to the emf for rea- 
sons stated in (/) 
and iii) potential 
drop at the ends 
of R^ which is in 
circuit with the gal- 
Fig. 9 6 vanometer is adjus- 

ted to obtain a null. The motion of the disc is produced 
by an electric motor coupled through a pulley (P). The speed 
is adjusted after passing a current through the coil till the 
balance is obtained. 

Modified arrangement : To eliminate the thermal effects 
and the induced emf due to earth’s field the arrangement has 
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been modilGed in which a double system of coils and discs are 

used. The two discs are 
on the same shaft and are 
rotated in the same direc- 
tion. The magnetic fields 
produced inside the coils 
are in mutually opposite 
directions. By arranging 
suitably the contacts at the 
brushes (as shown in the 
sketch) the induced emfs 
in the disc due to the coils 
are made additive, but emfs 
due to thermal effects and earth’s field in the two remain in 
opposition. The shaft is made of copper-aluminium to avoid 
the effect of any magnetic material near the disc. The motor 
is kept at considerable distance from the discs. 

Assuming that the discs and the coils are identical, in this 
arrangement we have for null R=2nM. So for a balance the 
speed of rotation may be in this case reduced to half its value 
with a single coil. This reduces the heating effect. The 
dimensions and relative positions of the coils are so chosen that 
at the rims the flux-density due to current in the coils is 
minimum. The effect of small uncertainties in the estimation 
of the radius of disc is thus minimised and mutual inductance 
becomes maximum. 

Lord Rayleigh and Mrs. Sidgwick used an arrangement in 
which the resistance R instead of being & single low resistance 
was constructed of three resis- 
tances in parallel, is the 
smallest resistance, while 
is large compared with If 
a current i is supplied is to 
to the combination by correc- 
tions as shown in the diagram 
(Fig. 9’8), the greater portion of current flows through r^. The 
potential difference between A~B is exceeding small. The 
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current through r, and is ^ and the potential be- 

'■ i +'’ a +/’8 

tween across AB\s — The arrangement provides for 
an equivalent resistance — across AB, which takes 

/•i + ra+rg 

place of R in the equation R=nM. Thus R becomes very 
small as is necessary for the experiment. In connecting this 
combination is in series with the coils and r , is in series with 
the galvanometer circuit. 

SECONDARY STANDARD which can be readily repro- 
duced has been made from absolute determination. Internatio- 
nal ohm is the resistance of a column of pure mercury of 
uniform cross section, 14‘4521 grammes in mass and of length 
106' 30 centimetres at 0°C. 

IX-7. ABSOLUTE MEASUREMENT OF CURRENT 

Rayleigh’s current balance method : The absolute measure- 
ment of current based on the force action between two coils 



.carrying current. Such a force is balanced against gravita- 
tional force on a body of known mass. 
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The experimental arrangement for determining the force 
action between current elements, consists of three coils of 
square cross-sections. Two larger coils are fixed in 

Fig. 9‘9). The smaller coil (A) is placed between the larger 
coils and it is suspended from the pan of a suitable precision 
balance and it lies in a horizontal plane. The coils carry the 
same current. The currents in the larger coils are so directed 
that the smaller coil experiences forces in* the same direction 
due to both coils, and the effective force is double of that due 
to a single coil. 

The suspended coil is first counterpoised in the balance 
when there is no current. A current is passed so as to produce 
a force causing downward movement of the suspended coil. 
The counterprising weight is adjusted to bring the balance 
again in equilibrium. The current in the fixed coil is then 
reversed in direction so as to cause an upward drag on the 
movable coil. A standard mass m is now placed on the pan 
from which the coil has been hung to restore equilibrium. 


If M is the mutual inductance of the coil system carrying 
current /, the mutuaf potential energy due to mutual induc- 
tance is given by W=Mi^ and the mutual force is obtained as 


F = A 
dx dx 


{Mi^) = 


dx 


so 


ir- 


dx 


mg 


The value of is calculated from the dimensions of the 

dx 

coils and the distance separating them , with necessary correc- 
tions for errors in measurement of linear dimensions, i is 
determined from the equation in the above. 

If a silver voltameter is connected in series with the coil 
current, the mass of silver deposited by one ampere current 
flowing for one second may be obtained by experimental 
observation. This forms a secondary standard for current 
measurement. The International Ampere is the current that 
causes a deposit of silver at the rate of 1*1 180 x 10'® gramme 
per second. Further work has shown that O'l e.m. unit of 
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current deposits silver at the rate of l‘11805xl0"® gramme 
per second. This amount of current is called absolute ampere. 


Determination of volt : The current through the coil may 
be utilised to produce a balance in a circuit containing a 
standard cell and a standard resistance. Hence the value of 
the cell mny be expressed in terms of the resistance and current 
in the circuit. 

The volt may be defined from the emf of a standard cell 


thus determined. 


It is — 

1-0183 


part of the potential difference 


between the plates of a Weston Cadmium cell at 20°C. The 
emf of the cell is taken as 1-0183 volts at 20° C. 


EXERCISES ON CHAPTER IX 

9 1. Find from first principles the dimensions of resistance 
in electromagnetic and electrostatic systems. 

Discuss why the dimensions differ in the two systems. 
What is the significance of the ratio of two units ? Describe 
a method of obtaining the ratio experimentally. 

9 - 2 . What led Maxwell to the conception of electro- 
magnetic nature of light waves ? 

Describe the indirect method of obtaining the velocity of 
light by electrical method. 

9 - 3 . Describe the rotating coil method of determining the 
value of ohm in absolute measure. 

A closed coll of 30 turns of wire and 50 cm. radius is 
rotated uniformly about a vertical axis passing through the 
plane of the coil at a speed of 1 800 revolutions per minute. If 
the rotation of the coil deflects a magnetic needle placed at the 
centre of the coil through 45° from its rest position, calculate 
the resistance of the coil. (Neglect the self-inductance of the 
coil). \_Ans. 1321 x 10* ohms] . 

9 - 4 . Describe the'rotating disc method of determining the 
ohm in absolute measure. State the conditions for obtaining 
an accurate result. 
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ELECTRO-MAGNETIC RADIATION 

X-1. MAXWELL’S HELD EQUATIONS 

Fundamental field properties : Maxw'ell mathematically 
deduced an equation in which the quantity 1 1’y/Kfi is obtained 
as a velocity, K and jj. being respectively the permittivity 
and permeability of a medium. Maxwell’s equations leading 
to this evaluation are concerned with inter-relationships 
between electric intensity (E) and the magnetic force (H), 
Different sets of equations are obtained from different 
laws regarding electrostatic and magnetic fields. These are 
deduced as shown in the following sections. 

EQUATIONS RELATING TO GAUSS’S THEOREM ; 
This theorem in electrostatics connects the total normal 
induction (£)) over a closed surface and the charge inside 
the enclosed volume. Conveniently taking this volume as a 
parallelopiped bounded by sides of length 8x, Sv, Sz, the 
theorem is expressed as 

// D,dS = 47t/).Sx.8>\Sz, 

where p is the volume density 
of charge. The quantity 

I' J D.dS over the surface of a 

the parallelopiped (Fig. 10*1) 
is obtained as the sum of six 
contributions, one from each 
face. This again is equal to 
Pig* the area of the face multiplied 

by the mean value of induction at the centre of the face. 
Considering to be the induction at the centre of the paralle- 
lopiped in the direction of x, and taking into account the 
direction in which D^: acts over the faces, the algebraic sum 
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of the contributions from the faces kfgc, aehd may be obtained 
as 




Similarly the contributions from the other two pairs of 
faces are 


^-^v^Sy.Sx.Sz and ^-‘^-.Sz.Sx.Sy 
dy oz 

So //D.rfS=.(^+?|r+?^)8«.8^.8r 

= 4TTp,Sx,Sy.8z. 


„ dD^ . dDy , dDz A 

Hence — 

dx dy dz 

or div D = 47rp 

In free space p=0, div D=?^+^+®f*=0 ... (i> 

OX ay oz 


If B be the magnetic induction^ similar equation fpr a 
magnetic field will be 


div B=^* + ^" + ^*=0 
dx dy dz 


... (ii) 


Maxwell’s Displacement current : Maxwell considered that 
any change in electric induction in a medium constitutes 
an electric current arising out of displacement of charge. 
So he assumed that whenever there is a change of electric 
field in a medium there is the consequent production of an 
attendant magnetic fi^ld. There is also the reverse effect. 
Such a magnetic field is related to the charge in electric field 
in a similar way as the case of production of a magnetic 
field by a current flowing through a conductor. When an 
electron moves through a conductor, a magnetic field is 
produced. If an electric charge flows on to an insulated 
conductor, as in the case of a charge given to a condenser 
plate, it constitutes a pulse of electric current inside the 
dielectric. Such a current has been given the name of 
displacement current as distinguished from conduction current. 
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When a charge flows into a condenser by means of conduc- 
ting leads, there is conduction current in the leads. According 
to Maxwell’s conception this current is considered to be conti- 
nuous through the dielectric and its magnitude is determined 
by the rate of change of electric displacement. This displace- 
ment current however ceases after a short time when the 
displacement (D) attains its maximum value and becomes 
constant. 

A hydrostatic analogy may be thought of. Let a closed 
vessel filled with water and having an elastic partition inside 
be provided with two pipes on the opposite walls. If water be 
pushed through one of the pipes, the pressure on the partition 
will cause water to come out through the other pipe. As such 
there is a flow of water through the pipes, which however 
ceases when the displacement of the elastic partition reaches 
its elastic limit. In fact, while the displacement increases there 
is a current of water. 

Maxwell’s postulate regarding the conduction and displace- 
ment currents is that the algebraic sum of the two currents 
through any closed surface is zero. Let a charge Q be carried 
to a condenser plate. The conduction current entering the 

plate surface is measured as Let the displacement 

current leaving the plate be ijy. According to Maxwell’s 
postulate /— /d =05 or /=/£). If A be the area of the plate and 
Jj) the density of displacement current, then Again 
Q=aA, where a is the surface density of charge on the 
plate. So 

7 =-h.= ' dQ__dG 
^ A A A dt dt 


Displacement D is related to a by the equation D=^va, so 

, since D=KE. 

dt 4jf dt Av dt 

This is the displacement current per unit area due to change 
in electric intensity in a medium. 

C.E.— 23 
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EQUATIONS CONCERNING AMPERE’S THEOREM : 
The line integral of a magnetic field round any closed path is 
obtained from Ampere’s circuital theorem as 

cose. dl=4nr 

O 

Considering both the conduction and displacement currents, 
the above equation should be written as 

I 

J" H cos e. dl=AnI J" Jj). dS 


=4ir/ 



If the conduction current is zero, as it is in a dielectric, 

/""'’•■"-//If"- 

§ 

For evalution ofJ”/rcoj dl, consider a very small circuit 
abed parallel to y-z plane (Fig. 10 2) and of sides of length 

Let Hy and be the magnetic 
intensities along ab and ad respec- 
tively. The field along dc is 

Hy-r and that along be is 

oz 

The displacement 

Z)* is along PQ normal to the 
plane of the circuit. If a unit pole is circulated around abed, 
the work done on the pole will be 

ff„Sy+ j 8y ) 8zj Sy-H,.Sz 


aad 8z respectively. 



So work = - ^^).Sy.8z. 

\dy 02 / 

This is equal to J J = ~^.8y.Sz. 
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So we have, 




dHy_dD> 
dt 


dy dz 

Similarly if the rectangle abed is taken in 
xoz and xoy planes respectively, 

dz dx dt 
and, ^-3^=3^. 


(iii) 


dx dy dt 

In vector form. Curl H = a general equation. 

EQUATION FROM NEUMANN’S LAW : The electro- 
motive force e round a circuit through which a magnetic flux 

a w" 

is changing is given by e = — 5 - . 

Ot 

Considering the induction through the area abed (Fig. 10*2) 
to be along PQ, normal to the area, we have 
Nx = Bg.hy.dz = [j,Hg.8y.Sz 
dN„ dH, 


So emf 


dT--^ dt 
Let Ey and E^, be the electric intensities along ab and ad 
respectively produced by change in the magnetic flux according 
to Maxwell’s concept. The work done in circulating unit 
charge round the closed path abed is a measure of emf and 
this is obtained as, 

Ey.'8y + (E, dy^ 8z- (^Ey+^^.8zyy-E,.8z. 

-iif - 

Equating this to — fi^^.dy.Sz, we get 

dt 


? .8y.8z. 


dE, dE, 


V_ — 


H 


dH^ 


dy ■ dz " dt 
Similarly if the rectangle abed is taken in 
planes parallel to xoz, xoy respectively. 


and. 



dE, 

-u3^ 

dz 

dx 

dt 


.3^ 

- .3^. 

dx 

dy 

dt 


-(iv) 
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In vector form the general equation is Curl E= — — 

dt 

It should be noted that these equations apply when E and 
H are measured in the same units. If E is measured i^ e.s. 
unit and H in e.m. unit the equation should be modified as 

, where c is the ratio of two units. 

dy Sz c dt 

t 

Similarly for the equations in (Hi) the modification should 
be as 

dH, _ ^ ^ ^ ^ 

dy 9z df 

The four sets of equations (/), (H), (*'0 and (/v) form 
Maxwell's field equations. 


X-2. ELECTRO-MAGNETIC WAVE 


Wave equation : Maxwell’s field equations may be com- 
bined to show how a particular vector changes with respect to 
time and position. 

Taking the first equation from set (in) 

dH, dHy _ dOx - 

dy dz dt dt ' 


On differentiating. 


f. d^E^ 

9t* dy V dt / dz\ di I 


Substituting from (fv) the values of and , we get 

ol c* 


K 


. a r I / dE>y 1 dEg 1 

1---I 

i/_a£x . 

^11 


at® 

ayLjitV dx dy f. 

J azL 

f\ az 

lx I] 




a®£x_ 

a®£n 


or A 

at® 

lA dx.dy dy‘^ 

az® 

ax.azj 


or 

_a®£* , a®£x , 

*_ 3j 

1 dEx^SEy 

+8f'l 


at® 

ax® aj® az® 

dxi dx dy 

dz J 


From equation (i) we know that the last portion of the 
right hand side of the above equation is zero, hence 
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dx‘ ^ dz* ^ af" 

Similarly, 

dx’‘ dy* ay* Bt* 

and, 

dx* By* dz* a<® 


Writing in a single equation in vector form 

Again from equations of set (iv) by similar treatment we get, 

3*ffr |. d*E^, d*_E-= Ku. ^ 

Bx» ^ 3y'‘ ^ 3z‘ Bt* I 

32Hy^32Hy^d*Hy^j. ! 

Bx* ^ By* "az* 3t* ^ 

B^H,_^B*H,^B*H,_^^ B‘Hy 

ax® By‘ az* ^ J 

A21X 

In a single equation in vector form, \/ *11= 


The two sets of equations in (v) and (vi) form the general 
wave equations. Any of these satisfies the differential equation, 

B*P. B^P I a^f_ 1_ ^P 
ax® ay^'^az® v*-at 2 

This equation indicates that P changes in a wave character 
and the velocity of wave motion of P is v, which is equal 
to ll'i/Kfi. Thus we may conclude that in general any varia- 
tion of electro-magnetic vectors E and H causes their propaga- 
tion with a velocity of ily/Ku. through th& medium. 

This should be noted that the velocity of wave propaga- 
tion given by the formula v-ljV^ is applicable where K 
and fi are both measured in the same system of units. If 
K is expressed in e.s. unit and n in e.m. unit, the velocity v 
is obtained as v=cl‘\/Kjr, where c is the ratio of two units. 
For vacuum in the two units respectively A^,=l and /4,=1, 
and hence v is numerically equal to and is same as c. 

The wave equations obtained in the foregoing section 
may also be obtained by application of vectorial methods. 
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WAVE EQUATION BY VECTOR TREATMENT : Max- 
well’s field equations may be expressed as vector forms shown 
below. 

Maxwell's field equations : 

(i) From Gauss’s theorem in electrostatics in free space 

</ivD= v.o=a:.v.e=o 

(ii) From Gauss’s theorem in magnetism 

div B=V.B=/i.V.H=0 

(iii) From Ampere’s theorem for Maxwell’s displacement 
current expressed in circuital form 

Curl H= V X H= 

dt dt 

(iv) Applying Neumann’s law to Maxwell’s postulate 
regarding creation of electric field by change of magnetic flux 

Curl E=VxE = -®?=-J5 
dt dt 

Wave equations may be deduced from these four equations, 
as shown below. 

(A) . From {Hi) Vx(VxH)=Vx( = A?-(V x E) 

\ d* / at 

Since from (fv) we get, V x E=— , hence 

Again considering that the left hand side of the above 
equation is the vector product of three vectors, 

Vx(VxH)=V(V.H)-(V.V)H= — V*H, 

since V.H=0' 

Hence = 

(B) . Similarly from (iv), V X ( V Sa E) = V x 

=-/*|(VxH) 
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Substituting from (Hi) for (V XH), 

vx(vxE)=-;.i(x|S)=-i:^ 

Considering that the left hand side of the above equation 
is the vector product of three vectors, 

Vx(VxE)=V(V.E)-(V.VjE=-V‘E 

' Since V.E=0 

Hence v®E=/0*^ 

and are the wave equations. 

0/ 0/ 

These indicate that any variation of magnetic intensity and 
electric intensity vectors causes them to advance through a 
medium in a wave form with a velocity v=l|^/K|Ji. If the values 
of K and n are in two different systems of units respectively 
then the velocity is given by \ = where c is the ratio 

of units. If the equation is applied to vacuum for which 
A’o = l in e.s. unit and = l in e.ir. unit, v becomes numeri- 
cally equal to c. 

Plane Eicctrc-mr gnctic waves : Let us consider a simple 
case in which E and H are functions of x and t only. So 
these quantities will be constant over any plane, say yoz plane, 
at any given time and the derivatives of E and H with respect 
to >’ and 2 will be zero. The equations in (v) reduces to 


bx^ 


B^E^ 


Kii 


0x* 

B^E, 

dx^ at* 


= Kfi 


at* 

at*‘ 

B*E. 


The general solution of any of these equations is of 
the form 

£*=/i(^-vtj+^8(jc+ vr), 

where and are arbitrary functions and v= l/Vf^ 
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Eg =/i(x— vf) denotes a wave motion in the positive direo 
tion of X and Eg =/,(x+ vf) in a direction opposite to it. 

There will be likewise (considering the equation in vQ the 
magnetic intensity wave denoted as 

Hz =fiix— v0+/,(x+ vf) 

The equations relate to plane waves, i.e. the wave in which 
the intensity is the same over a plane at right angles to the 
direction of propagation at any instant. 

TRANSVERSE NATURE OF WAVES: It has been 
assumed that waves generate in the y-z plane and travel in the 
x-direction. Intensity over the whole plane is the same at 
any instant. Hence the derivatives of E and H with respect to 
y and z are zero. Applying these in equation (iv), we get 

so Hg, =0 
dt 

dt dx dt dx 

Applying similar arguments, we get from equations (iii) 

so £.=0 
dt 

K ^ Hx „ j, j If = ? Hy 

dt dx dt ' dx 

Hg. and Eg. are both zero, this means that the electric and 
magnetic intensity vectors both lie in the plane of the wave. 

Now let us consider the case in which the electric intensity 
is parallel to the z-axis^. This means that E„=0. 

From the relation K--^- we should conclude that 

dt dx 

if Ey =0, Hg vanishes and we are left with Hy only. We are 
therefore to conclude that if the electric intensity is parallel 
to the z>axis, the magnetic intensity in the wave is parallel to 
^-axis. So we find that electric and magnetic intensity vectors 
are mutually at right angles and both are at right angles to 
the directions of propagation. This means that the waves are 
traasTerae. Such waves in which the electric and magnetic 
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intensity vectors are confined to one plane are known as plane* 
polarised. The plane of polarisation is considered according 
to convention to be the plane of electric intensity. 

Sinusoidal waves : Let us consider a plane wave in which 
E and H vary in a simple harmonic manner. The wave equa- 
tions in such a case may be written as 

= E^ sin— (x ** \t) • 

A * 

and Hy = Hq sin—~ (x— vt) 

A 

Consider any one of the vectors, say E^ , we find that at 
the instant of reckoning time, i.e. when / = 0, 

Ez—E, yin 

A 

This equation gives the value of at all points in a 
plane parallel, to xoz plane and it is same everywhere on 
the plane at any instant. 

It is represented by the 
ordinate of the curve 
shown (Fig. 10-3). E, is 
the maximum value of E^. 

At any point along Ox, 
the magnitude of E. at 

any particular instant is determined by the value of x. If x 
be increased by A, the equation changes to 

£. = £. j/n ^(x+A)=£„ sin 

This shows that the curve repeats itself at a distance of A. 
A is called the wave length, represented in the curve by Oc. 
If the wave travels the distance A in time t, v=XIT. Substitu- 
ting this in the equation for Eg, we get 

Eg = Eg sin = E, sin 2w 

Similarly, Hy = H, sin 
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RELATION BETWEEN TWO INTENSITIES: It has 
been shown that for a wave in the y<n plane, £,=0 and 


dE^ dHy 


Differentiating the foregoing sinusoidal equation for Eg 

dEg 2wr- ^ 't I X t \ 

lategratiDg, Hy=—^Ea stnZir 2A^j- — L\ 

TE 

Hence the amplitude of Hy is H, = 

fJLA 

Since ~= y =\/^, so H, = VKliJi E„ 

Hence we have the relation Vfif^o = VKEo, 

when the quantities involved are measured in the same system 
of units. 

If H, is measured in e.m. units and E, in e.s. units, for 
vacuum iio = K, = l and Hy = E, in vacuum. 

For a sinusoidal wave the r.m.s. values H and E are related 
to the maximum values as 




, hence ^ 
E 




X-3. POYNTING’S TftEOBEM 


Energy of waves : Energy contained in unit volume in a 
space of dielectric constant K and electric intensity Eg is 

In the case of a plane wave of varies harmonically 
Stt 

at every point of the medium, the mean of = E^ /2, where 
£o is the amplitude. Hence « 


Average 


KE,^__KEo\ 
Stt 16tt 
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Similarly in a field of magnetic intensity Hy, the mean 
energy per unit volume is 

lOTT 


It has been shown that hence we get 

, so the energy per unit yolume due to the electric 
and the magnetic components of the wave are equal. 

Total energy density = ^ 

16w 8ff Sw 


Poynting’s vector : It relates the flow of energy per unit 
time tj^rough unit area of a plane perpendicular to the direc- 
tion of propagation of wave. This is a measure of intensity 
of radiation. 

Consider the plane wave in the yoz plane, propagating 
in X- direction. If v is the velocity of waves, the flow of 
energy in unit time over unit area will be all energy contained 
in a volume of unit cross section and length ' v. The amount 
of energy contained in this volume is 


S 


IKE.^ 


\ 167T 

^ 167r 


> 




(i) 


Similarly 

OTT 

From (/) and (if) 

OTT 


since v 


c 

VKii 


(ii) 


This amount of energy which flows per unit time through 
unit area is the intensity of the wave. This is found to be 
directly proportional to the square of the electric or magnetic 
field strengths. 

The intensity vector S is known as Poynting's vector and 
is represented along a straight line drawn perpendicular to 
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E and H. In a plane wave E and H are perpendicular to 
one another the magnitude of S given by 

cE,H„ 

8jr 


In general, where the vectors are inclined at an angle 
S is given by 

r,_cE,Ht sin 6 
In vector notation, S= 

OTT 

Eg and Hg are the amplitudes of respective intensities. Jf they 
are respectively expressed in e.s units and e.m, units, S is 
obtained in ergs/cm* per second. 

According to Poynting's theorem, the direction of flow of 
energy is determined by the direction of electrical and magnetic 
intensities, its value being proportional to their product. If 
the direction of propagation of one of the quantities be 
reversed, the direction of flow of energy, Le. of the wave 
propagation is reversed. 


ILLUSTRATIVE EXAMPLE : A kilo-watt lamp is radia- 
ting energy uniformly. Calculate the intensity of electric field 
at a distance of 5 metres from it. 

Solution : 1 KW = 1000 watts -= 1000 joules/sec = 10 ergs/sec. 

At a distance of 5 metres, the spherical surface over which 
the energy is spread is equal to 47rx(5x 100)*, i.e. 10*ir 
sq. cm. 


Flux per sq. cm. 


IS = 


101 ° 


10»7 


10 * 


5 =S^e] 

OTT 


For air K=jii- 1, hence 



10 * 

ir 
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or E.*= 10* X 8^ 10* X 8 
c 3x10^® 


or 


jp _2V2xlO-® 

75 — 


e.s.u. 


or 


£= 


£, _2xl0-® 
a/2 V3 


e.s.u 


300 x 2x10-* 
1*73 


volt/cm. 


or the average (R.M.S.) intensity is 0*345 volt/cm. 


X-4. REFRACTIVE INDEX OF LIGHT 

ReUtire index of refraction : According to wave theory, 
the relative refractive index of light when it passes from 
medium-1 to medium-2 is given by 

^ _ Velocity of light in mediuni-1 
" Velocity of light in medium-2 

^ ^ Velocity of e.m. waves in medium- 1 _ 

^ ® Velocity of e.m. waves in medium-2 

Xj, are in e.s. units and are in e.m. units. Since 

ju of a transparent medium is very nearly equal to 1, hence 
putting 1*1 *=^2 = 1 in the above equation, we get 

in2= 

If the light passes from vacuum to another medium whose 
permittivity is K, in such a case the absolute refractive index 
of the medium is given by n= y/'K or n^ = K. 

This result is found to be in agreement with experimental 
results for gases. But there are wide variations for many cases 
for solids and liquids, specially distilled water. This is attri- 
buted to the absorption of waves, which modifies the refractive 
index considerably. Further, for distilled water its permittivity 
as measured at different frequencies with alternating current 
varies widely. These facts explain the variation of n* from K. 

X-5. WAVES AT THE SEPERATION OF TWO MEDIA 

Reflection and Refraction : Let a plane sinusoidal electro- 
magnetic wave travelling along PO (Fig. 10*4) in a medium of 
permittivi^ of meet a second medium of permittivity A, . 
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at O at an angle 6 with the normal to the boundary. The 
incident beam is in the x-y plane. 

The beam is reflected along 
OQ at an angle <j> with the normal. 
The refracted beam is along OR 
at an angle ff with the normal 
in the • second medium. The 
boundary of the two media, 
l.e. the surface of separation is 
in the x-z plane and in this plane 
y=0. 

Let the co-ordinates of points P in the incident beam be 
(x, y, z) and its direction-cosines with respect to the coordi- 
nate axes be m^, respectively. As such the distance 
OP=liX+m^y + n.^z. 

Let us consider the wave-equation in the form 
£=£„ sin 2n (5-^) 

or £=£, si« 

or E=E, sin 

or E=E, sin (<x—mt) 

at=2irf, f being the frequency and £, s/b(<x— «/) 

may be considered as the imaginary part of the expression 

• We shall consider the 2 -component of the 
wave which is tangential to the surface of separation. Let 
the distance OP=x' and let us assume that the z-component 
along OP may be represented as 

E^ = E,e —wZ) 

Again consider that the direction-cosines of reflected and 
refracted beams be (/„ m^, n,) and (Zg, m,, n,) respectively. 
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The z-components of these waves be represented in the 
same way as 

and E 

At the boundary y=0. According to boundary condi- 
tions the tangential components are equal, so Ei+E,=Ea‘ 
To satisfy this the coefficients of x, y, z and t must be equal 
in the three equations. 

(i) Taking the coefficients of t to be equal, we get 

= So/i=/j=/8. This means that the frequency 

remains unchanged by reHection and refraction. 

Since and velocities of incident and reflected 

beams, which are in the same media, are same so w^lc=:o»alc, 
i.e. 

(n) Equating coefficients of z, we get <Cini=«c,«8 = < 8 « 3 . 
But the incident beam being perpendicular to the x~z plane, 
^1=0, so <i«i=<j«8 = <3n8=0. Hence n2=n,=0. This 
means that all the beams are in the x-y plane which contains 
the normal. This is the first law of reflection. 

(Hi) Equating coefficients of x, we get = <%K = * 9 ^- 

So =‘^-*, since <2 = <1 hence la=l± 

‘2 <2 


But lj^=cos (90° — $)=sin 6 and l^ = cos (90°—<l>)=sin ^ 
Hence sin d=sin <f>, i.e. 0=<f>, angle of incidence is equal 
to the angle of reflection. This is second law of reflection. 

(/v) Again since «fi/i = <s/8, so — « = 

< 1 . <8 


But li = co5 (90°— 0)=sin 6 and la = cos (9O°—0')=sin ff 


So 


/a sinB' 


Considering that = — * -i- — ‘ — 

^8 ^3 

We get — ^ Ratio of velocities in the two media. 

sin 6' Cg > 

This is Snell's law of refraction. 
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X-6. HERTZ’S EXPERIMENT 

Detection of Elecfromagnetic radiation : Professor Hertz 
proved experimentally the existence of electro-magnetic 
radiation, i.e the propagation of electro-magnetic energy through 
space. 

In his experimental arrangement Hertz took two square 
sheets of metal (40 cm. each way). 
These were placed in a vertically 
coplanar position with their centres 
about 60 cm. apart. These two 
formed an open-type capacitor. 
One highly polished brass sphere 
was attached to each of these sheets 
and their centres were kept separa- 
ted by 2 to 3 cm. An induction 
coil was connected across these 
spheres so as to charge the capaci- 
tors. There were intermittent oscillatory discharges of the 
charge accumulated in the plates. 

In order to detect the radiation, Hertz used a circle of thick 
wire, almost closed having two sparking knobs at each end 
separated by a narrow gap. If this circular wire is placed in a 
vertical plane it will cut the lines of force associated with the 
waves propagating through it. An alternating emf will be 
induced round the circuit. When the potential difiference of 
the knob is high, there is discharge in the form of small sparks. 
The detector will not respond if it set in a horizontal plane. 
Maximum response is obtained when the plane of the circle is 
perpendicular to the magnetic lines of force, i.e. at right 
angles to the plane of the capacitor plates. 

If the natural period of the conducting circle which has its 
self-inductance and capacitance, is the same as the period of 
oscillations of the electro-magnetic waves determined by the 
trequency of oscillatory discharge, a maximum effect is produ- 
ced due to resonance. 

The explanation of the production of sparks may be found 
in the generation of induced emf in the circular wire when the 
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magnetic lines of force in the waves pass across the gap at 
right angles to it. 

The electromagnetic waves produced by Hertz were of much 
lower frequency than those of light waves. But the properties 
of the electromagnetic waves deduced theoretically by Maxwell 
were actually verified by experiments. Hertz showed that 
electromagetic waves are reflected, refracted and they produce 
interference. , 

X-7. STANDING WAVES 

Plane waves incident on a conductor : Consider a sinusoidal 
wave travelling in the negative direction of x. The wave 
is plane-polarised and the electric vector is parallel to the 
y-z plane. The two fields comprising the wave are given by 

^3 = ^o^in 2ir^~+^ (i) 

and Hy = HoSin ••• ••• (ii) 

Let the wave be incident normally on a conductor posi- 
tioned at jc=0, in the y-z plane. The equations of the waves 
on the plane are given by 

E, = E,sin and Hy = H.sin 

Since an electric field cannot exist in a conductor, we may 
imagine that as a result of this incidence, an electric field is 
developed in the plane and this at all times is exactly equal and 
opposite to the field in the incident wavf at x=0. This field 
may be attributed to the effect of the magnetic field on the 
plane giving rise to a reversed electric field. Thus there is a 
reflected wave travelling in opposite direction, Le. in the 
positive direction of x. 

The electric vector of the reflected wave is represented by 

E\=E, sin ... (iii) 

This wave at the conductor ( jc = 0 ), becomes 
C. E.— 24 
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2fr/ 

E i = —E, sin the necessary value for the electric intensity 
at the conductor to be zero. 

The resultant electric intensity is the sum of the two in*' 
tensities. If it is denoted by E, then by adding (/) and (ii), 

E=E,+E\ = E, sin ^^.cos cos ^ , 

A I I 

where A=2Eg sin 

A 

The electric field wave assumes a stationary character 
of the form A cos . The value of A is maximum (2£«) 

at the points where X satisfies the condition sin^^=l. The 

A 

values of x for such maximum values of E are obtained from 
the equation 

^7- ■= (2«+ 1)!J , where n=0 or an integer. 
Therefore x=(2n4-l)j. 

So maximum values of E occur at distances - ... 

4 4 4 

(2rt+l)j from the conductor. These are known as positions 
of antinodes. 

On the other hand, A becomes zero when sin ^^=0. This 

A 

2'nx 

will occur when ——=0, or htt. This gives the relevant values 
A 

of X as 0, g, A, These are positions of nodes. 

The electric field generated in the conductor gives rise to 
a displacement current and consequent magnetic field. This 
field, i.e. the refiected magnetic field is not reversed in phase 
but simply moves in opposite direction. This wave can be 
represented as 
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H, = H,sin2n(-^ +^) 

or H'y = — 77, sin 2ff — — 

\A r 

The resultant of the two waves, incident and reflected 
waves, is obtained as 

H=Hy+H'y=2H^ cos^"-x. sin ^ 

A j 

It may be noted that nodes and antinodes of the electric 
and magnetic vectors, determined respectively by sine and 
cosine /unctions, do not occur at coincident points. Ehas 
its antinode at the position where H has a node and vice versa. 

It may be stated that since the magnetic h^d is not 
reversed, i.e. only one of the components is reversed in phase, 
according to Poynting’s theorem the direction of propagation 
of energy is reversed, that is the wave travels away from the 
plane. 

Lecher wire : A pair of parallel wires in connected to the 
terminals of capacitor in which an electric discharge is 
produced. The electromagnetic waves generated travel down 
the wires. The waves are 
reflected from the opposite 
ends of the wire and statio- 
nary waves are set up along 
the conductors. If the wires 
are open at the other end 
these terminals become 
potential nodes and current 
antinodes. The positions of 
the other potential anti- 
nodes along the length of 
the wires are found by using a neon lamp. The distance 
between the successive antinodal points will be A/2. If/ is the 
frequency of the oscillatory discharge, c is the velocity of 
propagation of waves and A, the wave-length, then c=/A. If A 
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is measured / can be determined, or conversely velocity of waves 
can be obtained from a knowledge of /. 

Instead of an induction coil, a valve oscillator may be used 
as a source and the coupling between the source and the lines 
may be made by a suitable air-core transformer. 

EXERCISES ON CHAPTER X 

10’ 1. Write down the Maxwell’s field equations and 
explain their physical interpretations. Derive expression for 
the velocity of electromagnetic wave propagation in an isotropic 
dielectric. 

10‘2. Show that the electromagnetic waves travel through 
a medium with a velocity c= 

10*3. Derive an expression for the Poynting’s vector and 
explain its significance. Explain Poynting’s theorem. 

10’4. Describe Hertz’s experiment and hence show how the 
electromagnetic character of light can be established. 

10*5. Obtain an expression showing the relation between 
the refractive index and dielectric constant of a medium. 

10'6. Show that for a sinusoidal electromagnetic plane 
wave the electric and the magnetic intensity vectors are related 
as •}/ fiff 0 = K^o- 

10’7. Prove that the electromagnetic waves are transverse 
and the electric and magnetic intensity vectors are at right 
angles to one another and they are in the plane of the wave. 

10’8. Obtain the laws of reflection and refraction of 
electro-magnetic waves. 

10’9. Obtain the wave equations 

Prove that in a di-electric medium 
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Ibnic mobility 

137 

Iron loss 

271.274 



(iv) 


J-determination 

99 

J-operator 

217 

Joule (unit) 

97. 104 

Joule's equivalent 

97 

Joule’s heating effect 

97 

K 


Kelvin’s 


ampere balance 

83 

double bridge 

23 

method (galv., resist.) 

35 

watt balance 

87 

Kirchhoff’s laws 

9 

in a. c. circuits 

247 

Kohlrausch’s bridge 

157 

Laplace’s law 

43 

Lap winding 

295 

Latimer-Clarke Cell 

146 

Leakage flux 

269 

Leakage reactance 

272 

Least heat 


principle of 

97 

Lecher wire 

371 

Left hand rule 

58 

Lecz’s law 

163 

Line integral 

46 

Lines of induction 

162 

Log decrement 

73 

Lorenz’s method 

345 

M 


Magnetic coupling 

177 

Magnetic effect 

43 

Magnetic field of 


circular current 

48 

linear current 

47 

solenoidal current 

50 

Magnetic flux 

162 

Make-up current 

245 

Maace’s method 

36 

Maximum power theorem 

98 

Maxwell ( unit ) 

162 


Maxwell’t 


bridge 

258,259 

field equations 

351 

modification 

11 

Maxwell turns 

162 

Mean value 

212 

Mechanical equiv. 

97 

Mesh connection 

306 

Metre bridge 

30 

Migration of ions 

137 

Mobility* ionic 

137 

Molar conductivity 

Motors, principle of 

135 

a. c. motor 

318 

d. c. motor 

307 

synchronous motor 

322 

Multiplier 

91 

Mutual inductance 

Mutual inductance 
measurement by 

174 

a. c. method 

257 

d. c. method 

183 

Mutual potential energy 

174 

N 

Nernst’s equation 

151 

Network circuit 

10 

Neumann’s law 

163 

Neutral temperature 

115 

Normal electrode 

153 

O 

Oersted ( unit ) 

Ohm ( unit ) 

162 

determination of 

343 

international and true 

5 

Ohm’s law 

5 

Ohm-meter 

92 

Oscillatory circuits 

194 

Oscillatory discharge 

202 

Osmotic pressure 

129 

Ostwald’s dilution law 

136 

Owen bridge 

257 



(V) 


p 


Pass band 

240 

Pekkr coefficient 

104 

Peltier effect 

102 

Phase (Generator ) 

302 

Polarisation 

133 

Pole pitch 

293 

Polyphase motor 

321 

Post office box 

29 

Potentiometer 

36 

Power 


a. c. circuits 

229 

— factor 

232 

Poynting’s theorem 

362 

Practical units 

5 

Pulsatance 

209 

Q 


Q-factor (Quality) 

237 

Quantity of charge 


measurement 

70 

unit 

5.44 

Quadrature 

216 

R 


Radiation, electromagnetic 

35 

Ratio of units 

336 

Rayleigh’s current balance 

348 

Reactance 


Capacitative 

219 

inductive 

215 

leakage 

272 

Reactive component 

232 

Reduction factor 

62 

Reflected impedance 

266 

Rejector circuit 

241 

Resistance 


definition 

4.5 

temp, coefficient 

7 

Resistance measurement 


absolute method 

343 

damping method 

76 

leakage method 

203 

P.O. box method 

29 1 

Potentiometer method 

38 ' 


Resonance, electrical 

parallel 24t 

series 236 

Reversible cells 141 

Robbson’s bridge 263 

Root mean square value 213 

Rotating field 313 

Rotor 301, 318 

Rowland ring 52 

RubfnkorfiPs induction coil 179 

S 

Sobering bridge 261 

Secondary cells 154 

Seebeck effect 100 

Seebeck series 101 

Selectivity 237 

Self-inductance 

circular coil 171 

coaxial cylinders 173 

parallel wires 172 

solenoid 171 

Self-inductance measurement 

a. c. method 257 

d. c. method 182 

Sensitivity 63 

current 67 

voltage 68 

of bridge 19 

Shunt 27 

multiplying power 90 

universal 28 

Sinusoidal emf 209 

Skin effect 276 

Slip ( in motor ) 321 

Soft iron instruments 92 

Solenoid 50 

Solution pressure 150 

Specific conduct! vity 1 34 

Specific heat of 

electricity 106 

Specific resistance 6 

Speed regulation 

d.c. motor 11 

bduction motor 317 



(vi) 


Splitpbase motor 

320 

Squirrel cage rotor 

332 

Standard cells 

145 

Standing waves 

369 

Star connection 

305 

Starter, d.c. motor 

312 

Stator 

301 

String galvanometer 

88 

Strong electrolyte 

136 

Susceptance 

248 

Suspended coil 


galvanometer 

66 

Symbolic representation 

211 

Synchronous motor 

322 

T 


Tait’s diagram 

113 

Tangent galvanometer 

62 

Tesla coil 

279 

Thermal effect instruments 

122 

Thermo-couple 

101 

Thermo-electric curve 

101 

Thermo-electric diagram 

113 

Thermo-electric effects 

100 

Thermo-electric lines 

102,113 

Thermo-electric measurements 110 

Thermo-electric power 

101 

Thermo-emf 

107 

thermodynamics of 

111 

Thermo-galvanometer 

123 

Thomson effect 

105 

Time constant 

190 

Toroid 

52 

Torque, d.c, motor 

308 

Transformation ratio 

266 

Transformer 


auto 

275 

core & shell type 

264 

efficiency of 

273 

emf equation of 

268 

equivalent circuit 

272 

leakage flux 

269 


losses 

2$8 

principle of 

264 

Transport number 

139 

U 

Units 

dimensions of — 

331 

of flux and induction 

162 

Universal motor 

323 

Universal shunt 

38 

V 

Vector representation 

214 

Velocity of 

e. m. waves 

354 

ions in solution 

137 

Vibration galvanometer 

89 

Virtual current 

213 

Volt 

6 

Voltaic cells 

152 

Voltage resonance 

241 

Voltameter 

156 

Voltmeter 

91 

W 

Watt balance 

87 

Wattless component 

232 

Wattmeter 

323 

Wave 

along wires 

371 

electromagnetic 

356 

standing 

369 

-winding 

295 

weak electrolyte 

136 

Weber 

unit 

162 

electrodynamometer 

86 

Weston cell 

145 

Wheatstone net 

ax. bridge 

256 

d.c. bridge 

16 

Windings 

lap & wave 

295 



CORRIGENDA 


PagejLine 

Correction 


45/1 

Read a = i 


73/7 

Read 5iit ^ 


77/4 

77/8 

Read A^H'n^iR 

Read 


83/10 

II 

II 

cd 


162/5-6 

Delete *area direction of’ 


173/3 

Insert after line-3 



Total flux N through the whole space 
the wires is given by 

between 

190/5 

Read ‘ 




228/14,17 
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